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ABSTRACT 
 
This study addresses the question of whether recent advancements in 
radiation sources and test media for use in fluorescent nondestructive evaluation 
offer significant improvements over the current state of the art.  Included were 
experiments characterizing common penetrant and magnetic particle test media to 
determine their fluorescent excitation spectra, and a comparison between the 
fluorescent excitation spectra and the emission spectra of common excitation 
sources.  The relationship between excitation source and test medium directly 
controls the luminance of a defect indication.  As indication luminance increases, 
the probability that an inspector would detect it also increases.   
Fluorescent penetrant and magnetic particle test media were originally 
designed around the widely available filtered medium-pressure mercury vapor 
lamp, which remains the standard ultraviolet radiation source.  Test media 
properties, and the types of available excitation sources have changed with time, 
and it was unclear whether present-day media were still best excited by the 
historical standard ultraviolet radiation source.  Predictions and experimental 
work was performed to determine the optimal excitation source for fluorescent 
nondestructive testing, and to determine which safety lens option would offer the 
highest probability of detection.  Improvement in radiation sources was primarily 
judged by an increase in fluorophore luminance versus background, which led to 
an increase in signal-to-noise ratio facilitating better indication detectability.  
Other factors considered were improved health and safety, and ease of use. 
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THESIS ORGANIZATION 
 
This document is divided into five main chapters and an appendix.  
Chapter 1 offers an introduction into the ideas behind the thesis, as well as a 
review of prior work in this area.  Chapter 2 lays the groundwork for the study by: 
identifying what wavelengths cause fluorescent penetrant and magnetic particle 
samples (test media) to fluoresce, characterizing what wavelengths are emitted by 
common excitation sources, defining the fluorescent emission spectra of test 
media, and approximating the transmittance of typical safety glasses worn by 
inspectors.  Chapter 3 deals primarily with characterizing the exciters by: 
calculating radiometer sensor correction factors, using these correction factors to 
obtain accurate measurements of the output from a variety of exciters, and 
calculating safe usage times for various exciters.  Chapter 4 utilizes results from 
Chapters 2 and 3 to predict the luminance of a given test medium when excited by 
an exciter, and then presents the results of experimental work testing the theory.  
Chapter 5 brings the study to conclusion by recommending the optimal 
combination of exciter and safety glasses.  Appendix A contains an anonymous 
listing of the products utilized in this study.  The mention of specific brand names 
does not constitute an endorsement, but simply attributes an experimental 
response to its source. 
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DEFINITIONS 
 
Action Spectrum: Plot of the desired spectral responsivity of an integral sensor 
versus wavelength, which may be photovoltaic, photochemical, or 
photobiological in nature. 
a(Z) Spectral Mismatch Correction Factor: Method of reducing measurement 
uncertainty by considering the spectral responsivity of the sensor, the ideal 
sensor responsivity, the spectral radiant power of the calibration source, 
and the spectral radiant power of the test source. 
CIE Spectral Sensitivity Function of the Human Eye (V(")): Mathematical 
representation of the average responsivity versus wavelength of many 
human observers, thus describing vision in the central 2-degrees of the 
eye’s field of view under relatively high luminance. 
Effective Irradiance: Measure of spectrally weighted radiant power in Watts per 
meter-squared, as determined with a sensor whose responsivity replicates 
some desired action spectrum (compare with Irradiance and Spectral 
Irradiance). 
Emission Spectrum: Plot of the energy emitted by an exciter in the form of 
spectrometer counts, relative irradiance, or absolute irradiance versus 
wavelength or frequency. 
Exciter: For the purposes of this study, a source of ultraviolet or visible light 
energy whose emission causes test media fluorescence. 
Fluorophore: A molecule, or functional group within a molecule that absorbs 
energy of a particular wavelength, and then quickly emits the majority of 
this energy as longer wavelength light. 
Illuminance: Luminous flux per detector area (density) at some distance from a 
light source, as measured in lumens per meter-squared or lux. 
 xix 
Integral Sensor: Active sensing portion of a radiometer or luxmeter that contains a 
photodiode, aperture, filter set, and is covered by a diffuser. 
Irradiance: Measure of the radiant power, in Watts per meter-squared, of all 
wavelengths projected upon a surface per unit area (compare with 
Effective Irradiance and Spectral Irradiance). 
Luminance: Measure of the brightness of a flat emitting or reflecting surface as 
perceived by the human eye, in candelas per meter-squared. 
Photometer: Device internally filtered such that its spectral responsivity matches 
the CIE spectral sensitivity function of the human eye, thus providing a 
measurement of luminance.  
Polychromator Spectrometer: Low-cost measurement device that contains a linear 
charge-coupled device array and stationary grating. 
Radiometer: Device used to measure any electromagnetic radiation, often of 
shorter or longer than visible light wavelengths. 
Spectral Irradiance: Measure of incident optical power per unit area per unit 
wavelength (compare with Irradiance and Effective Irradiance). 
Spectrofluorometer: Device capable determining fluorescent excitation and 
fluorescent emission spectra of test media.  
Spectrometer: Device used to measure the emission of an exciter in counts per 
integration time, relative irradiance, or absolute irradiance versus 
wavelength or frequency. 
Test Medium: For the purposes of this study, a particular brand/type of 
fluorescent penetrant or magnetic particle. 
Transmittance: Percent of incident energy, at a particular wavelength, allowed to 
pass through a sample. 
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CHAPTER 1:  GENERAL INTRODUCTION 
 
LITERATURE REVIEW 
 
This chapter provides necessary background on topics of interest to the study, and 
closes with a proposed research plan.  Topics to be covered will include a description of 
ultraviolet radiation, artificial sources of ultraviolet radiation, measurement methods for 
visible light and radiation, and health and safety.  Also covered will be basics of 
fluorescence, as well as how NDT test media absorb radiation and emit visible light. 
The tools and consumables utilized in nondestructive testing (NDT) have evolved 
over time.  In liquid penetrant inspection for example, as early as the 1890’s colorless oil 
was used to detect surface-breaking flaws, and in 1933 the use of calcite facilitated the 
“oil and whiting” technique.  Visibility, and consequently sensitivity, was improved by 
adding blue or red dye to the oil in 1942, and then fluorescent dye in 1944 (Alburger, 
1974; Flaherty, 1999; Chemin and Dubosc, 2010).  Further improvements were realized 
when two cascading fluorophores were employed in 1960 (Betz, 1969).  Fluorophores are 
components of these heterocyclic aromatic molecules (Chemin and Dubosc, 2010) that 
absorb energy and rapidly release absorbed energy (fluoresce) in the form of longer 
wavelength, visible light.  Cascading is accomplished when one fluorophore emits light 
that is completely absorbed by its counterpart, and the second fluorophore then emits 
light at its preferred wavelength (Graham, 1967). 
Liquid penetrant inspection employs a dye-loaded, surface-wetting fluid that is 
easily drawn into cracks and other defects by capillary action.  In fluorescent penetrant 
inspection (FPI), fluorophores in the fluid are fluorescent dyes.  After sufficient time has 
allowed the dye to enter any cracks, the excess surface dye is removed.  A blotting 
material, or developer, is then applied to draw the penetrating dye out of any cracks to 
form a visible indication on the specimen surface.  This method works well on any 
nonporous specimen, and can be extremely sensitive to surface defects. 
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Magnetic particle inspection (MPI) may also utilize a fluorescent test medium.  
This method seeks surface and near-subsurface flaws in ferromagnetic specimens.  To 
perform this inspection, the specimen is first magnetized suitably in strength and 
orientation, and then a suspension of magnetic particles is introduced onto the specimen’s 
surface.  Interruptions to the normal flow of magnetic flux through the specimen cause 
localized magnetic poles along the exterior of the specimen, which then attract and 
collect particles.  The particle collections form visible indications that are then interpreted 
by the inspector. 
MPI test media have seen advancements over time, similar to those of liquid 
penetrant (Lindgren, 2008).  One example of test media improvement has been wet 
method particle longevity (Calcagno et al., 2000).  Individual wet method particles are 
often comprised of iron oxide powder encapsulated within resin shells.  Particles must be 
kept in suspension during testing, so a pump is used to constantly agitate the bath.  It is 
the particle’s shell that holds two cascading fluorophores, pigments in this case, and this 
resin shell must withstand many hours of shearing action from the pump.   
When all other variables are held constant for either inspection method, brighter 
indications are easier for the inspector to detect (Graham, 1967; Brittain, 1988).  FPI and 
MPI test media were designed around the widely available filtered medium-pressure 
mercury vapor lamp, which has been the standard excitation radiation source in America 
since 1942.  The test media, and the number of excitation source types, have changed 
dramatically with time (Clarke, 1954; Schmidt, 1975).  Due to a lack of published 
research on the topic, it is unclear if present-day media are best excited by the historical 
standard ultraviolet radiation source. 
For fluorescent magnetic particle and liquid penetrant inspections, the excitation 
radiation source is an essential component.  Both the total power output, and the 
wavelength at which energy is emitted are important.  Emitted radiation should ideally 
center on a fluorescent molecule’s wavelength of peak absorption.  However, not all 
fluorophores exhibit a maximum fluorescent excitation at the mercury vapor source’s 
maximum emission peak.  
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Ultraviolet Radiation:  Fluorescent nondestructive testing has historically been 
performed under negligible ambient lighting with the aid of an ultraviolet radiation 
source.  Radiation is simply electric and magnetic energy in transit from a source (Navy, 
1992; Cusartis, 1997).  Electromagnetic radiation may be characterized by its 
wavelength, and each photon of a given wavelength has a finite amount of energy.  The 
energy of a photon may be calculated by using Equations 1 and 2 below.  
Equation 1 
f = c!"-1          
where: 
f = frequency (hertz) 
" = wavelength (m) 
c = the speed of light in a vacuum (3.0 x 108 m/s) 
With the calculated frequency, Planck’s Law (Equation 2) yields the energy of the 
photon in either Joules or electron volts.  Conversion to electron volts is possible by 
recalling that 1 electron volt is equal to 1.602 x 10-19 Joules.  Planck's Law shows that the 
single photon radiation energy is proportional to frequency, and inversely proportional to 
wavelength, implying that shorter incident wavelengths possess a greater quantum of 
energy. 
Equation 2 
  E = h!f = h!c!"-1        
where: 
  E = energy in Joules 
  h = Plank’s constant (6.63 x 10-34 Joule-seconds) 
Because the photobiological effects of these energies vary with wavelength, the 
ultraviolet spectrum is commonly divided into three regions: UV-C, UV-B, and UV-A.  
These subdivisions, however, are defined differently depending upon the discipline of 
study.  The 1932 Second International Commission on Illumination (CIE) defined UV-C, 
UV-B, and UV-A as wavelengths ranging from 100 – 280 nm, 280 – 315 nm, and 315 – 
400 nm respectively (Figure 1) (Coblentz, 1932).   
Dermatologists and photobiologists utilize slightly different definitions, where 
UV-C, UV-B, and UV-A range from 200 – 290 nm, 290 – 320, and 320 – 400 nm 
respectively.  The division between UV-C and UV-B is based upon the point where 
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sunlight is longpass filtered by the ozone layer, but the division between UV-B and UV-
A is arbitrary (Diffey, 2002).  A longpass filter, in this case it is the ozone layer, blocks 
wavelengths shorter than its cut-on point (the point at which transmittance goes from 
negligible to 50%), while transmitting all longer wavelengths.  Bandpass filters are 
similar to longpass filters, with the further distinction that bandpass filters have both cut-
on and cut-off wavelengths, and only transmit wavelengths between these two points.  
Recently, the UV-A range has been further divided into UV-AI (340 – 400 nm) and UV-
AII (315 – 340 nm).  While this set of definitions may seem unimportant to the NDT 
practitioner, it is possible that a bandpass-filtered integral sensor designed and calibrated 
to one definition could return readings not directly comparable to those of another sensor. 
 
 
Figure 1: Full electromagnetic spectrum showing CIE 1932 definition of ultraviolet 
radiation between 100 and 400 nm, and visible light for the standard human 
observer between 380 and 780 nm (Rea, 2002). 
 
Ultraviolet Radiation Sources:  UV-A was chosen for use in NDT in 1942 
because it is invisible to the inspector, and relatively safe compared to shorter wavelength 
ultraviolet radiation.  Ultraviolet energy is largely undetectable to the human eye, so 
when utilized in nondestructive testing the contrast of a fluorescent indication versus its 
background is high.  Mercury vapor lamps, which exhibit strong UV-A emission lines, 
were commonly available during the early development of fluorescent NDT test media.  
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The mercury vapor lamp’s stability and high irradiance led to its becoming the standard 
radiation source (Clarke, 1954).  Its adoption was facilitated by availability of visible 
light-blocking bandpass filters.  Many UV-A sources emit some visible light in the violet 
to blue region of the spectrum, which facilitates safe movement of the inspector around 
the inspection booth (Schmidt, 1975). 
Ultraviolet radiation is produced artificially by passing current through a gas; 
historically vaporized mercury (Diffey, 2002).  Mercury vapor lamps (Figure 2) support a 
small quartz cartridge containing mercury and the hardware required to vaporize and 
excite the element.  The emission spectrum of a mercury vapor lamp varies with internal 
pressure.  Low-pressure lamps with an internal pressure of less than 1 atm emit a few 
characteristic wavelengths, while high-pressure lamps with an internal pressure near 100 
atm emit an almost continuous spectrum (Clarke, 1954).   
 
 
Figure 2: Typical mercury vapor lamp construction (Clarke, 1954). 
 
Unfiltered medium-pressure lamps, with internal pressures between 1 and 10 atm, 
emit several characteristic wavelengths (Williams, 2008), and it is these medium-pressure 
lamps that are commonly used for nondestructive inspection.  A medium-pressure 
mercury vapor lamp, UV-A bandpass filter, and necessary electronics are assembled into 
a field-ready radiation source for use by the NDT inspector.  The UV-A bandpass filter 
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eliminates several of the mercury vapor emission lines, and consequently the majority of 
energy exiting the radiation source is at wavelengths near 365 nm. 
Wood’s glass, a Kopp number 1041 filter (Kopp Glass Inc., Pittsburg, PA) for 
example, transmits wavelengths between 315 nm and 400 nm, and exhibits peak 
transmittance at 365 nm.  These filters’ peak transmittance was designed for the medium-
pressure mercury vapor lamp’s emission peaks at 365.015 nm.  Wood’s glass also 
transmits red visible light due to its transmittance between 700 nm and 840 nm 
(Williams, 2008).  Fluorophore and solvent combinations for fluorescent NDT media 
have historically been selected for optimum absorption of the 365-nm mercury vapor 
lamp emission (Graham, 1967).  A limited amount of data published regarding MPI test 
media seem to show that the mercury vapor emission line does not necessarily 
correspond with peak excitation (Mazel, 2008a; Mazel, 2008b).  No comprehensive 
published data, however, are available to verify that present-day media still attain this 
goal. 
The pattern of irradiance versus position varies between exciters, and the 
irradiance pattern can sometimes be altered for a given exciter.  Mercury vapor sources 
can incorporate smooth filters, or use a fluted filter that diffuses irradiance across a wider 
area (Figure 3).  While not an option with mercury vapor lamps, micro-power xenon light 
(MPXL) sources can vary the irradiance pattern via a quick change of the parabolic 
reflector to give a floodlight, spotlight, or midlight output.  The newest light-emitting 
diode (LED) sources have incorporated variable irradiance patterning through a twist of 
the flashlight’s head, or through a removable lens.  None of these options alters the total 
emitted irradiance, so a wider dispersion area sacrifices maximum irradiance. 
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Figure 3: Ultraviolet radiation intensity versus distance from the center of the beam with 
a variety of radiation sources (White et al., 1999). 
 
The historical standard medium-pressure mercury vapor arc radiation source has 
obvious limitations.  Mercury vapor lamps require over 5 minutes of warm-up time to 
fully vaporize the condensed mercury within the cartridge, and thus reach full output.  
These lamps emit large amounts of heat, consume significant amounts of power, and are 
extinguished by strong magnetic fields.  In addition, when the lamp is inadvertently shut 
down, it requires up to 10 minutes of cooling before the arc may be re-established within 
the cartridge (White et al., 1999).  
Philips invented the MPXL lamp in 1994, but the company quickly realized that 
the new lamp emitted too much ultraviolet radiation to suit their automobile headlight 
needs.  Philips modified the design within a year, and the later iteration (Figure 4) was 
utilized in their automotive applications (Scholler and Tiesler-Wittig, 1995).  The newly 
developed MPXL lamps offered high light output while using less energy.  Swedish 
company Labino AB convinced Philips to alter the micro-discharge metal halide lamp 
design by optimizing metallic salts within, and changing the lamp glass to maximize 
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ultraviolet output (Labino, 2008).  The resulting lamp produced elevated UV-A 
irradiation levels with lower heat generation and lower power consumption than the 
historical standard mercury vapor lamp. 
 
 
  Figure 4: Philips MPXL lamp schematic, that in the form conceived by Labino AB, 
produces very high levels of ultraviolet radiation with little heat. 
 
Other advantages of the new MPXL lamp include immunity to magnetic fields, 
excellent mechanical shock resistance, the option of battery-powered portability, and 
rapid warm-up.  The filtered emission from this new 35-watt MPXL lamp exhibits a 
much broader emission spectrum than a medium-pressure mercury vapor bulb.  
Additional excitation sources available to the nondestructive testing practitioner 
include short-arc mercury vapor lamps, fluorescent tubes, and ultraviolet light-emitting 
diodes (UV-LED).  Fluorescent UV-A sources generally offer irradiance levels below 
minimum industrial standard requirements.  For example, a minimum irradiance of 10 
watts per meter-squared (W!m-2) is called for within ASTM E-1417 (American Society 
for Testing and Materials, West Conshohocken, PA), ASTM E-1444, AMS-2647 (SAE 
International, Warrendale, PA), and ISO 3059:2001(E) (International Organization for 
Standardization, Geneva, Switzerland) testing standards.  Therefore, while often used at 
ceiling level within inspection booths to provide low-level wide-area irradiation, 
fluorescent lamps aren’t used directly for final inspection.   
High-output UV-LEDs emitting 365-nanometer energy have been developed 
recently that produce irradiance levels high enough to exceed the minimum industry 
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standards.  An internet-based survey of potential sources showed that there are several 
companies manufacturing UV-LEDs into flashlight packaging, including Johnson & 
Allen Ltd. – NDT Systems (Sheffield, U.K.), Ace UV Security (Sheffield, U.K.), Labino 
AB (Solna, Sweden), and Risk Reactor (Dallas, OR).   
Proponents of UV-LED excitation have met with some resistance within the NDT 
community because the current direction of industrial NDT standards (Mooz and White, 
2010) is to place three requirements upon the exciter used for final inspection: the 
emission spectrum peak must be 365 nm, it must produce an irradiance of at least 10 
W!m-2 at 0.381 m (15 in), and it must produce an illuminance of less than 21.53 lx (2 fc).  
Not every UV-LED source can comply with these requirements.  During the survey of 
available UV-LED sources, it was noted that not all devices marketed for NDT usage had 
a peak emission at 365 nm, and not all sources met irradiance and illuminance 
requirements.  
Due to the relatively low output of many UV-LEDs, large arrays have been 
necessary to meet or exceed the minimum irradiance called for by industrial standards.  A 
few years ago, LED manufacturers stated that developments were leading to increases in 
the emission of their ultraviolet diode products (Sandhu, 2007).  High-power diodes have 
been introduced since, and have indeed reduced the number of LEDs necessary to meet 
requirements.  Some new LED exciters require only one diode to emit quite high 
irradiance.   
In 2007, a company (BlueLine NDT, Bedford, MA) was formed around the idea 
that excitation energy does not need to lie within the ultraviolet range at all (Mazel and 
Goldberg, 2007).  The reader will recall the cascading mechanism mentioned above, 
where two fluorophores are typically present in fluorescent NDT test media.  The first 
fluorophore, which is an optical brightener, is excited by ultraviolet radiation, and emits 
blue visible light.  The second fluorophore is excited by visible blue light, and emits the 
yellow-green light characteristic of most fluorescent testing media.  BlueLine NDT offers 
exciters, utilizing either LEDs or a filtered broadband energy, which have emissions 
centered at 450 nanometers (blue visible light).   
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Radiation centered at 450 nm excites the second fluorophore directly without 
interacting with the optical brightener at all (Figure 5).  It has been claimed that for some 
test media, blue light excitation produces higher luminance from the second fluorophore 
than filtered mercury vapor excitation of both fluorophores (Mazel, 2008b).  Luminance 
is simply a measure of the brightness of light as perceived by the human eye.  Because 
blue light excitation energy is visible to the inspector, special longpass-filtering goggles 
are mandatory.  Such goggles block the excitation energy, while allowing green light 
wavelengths and longer to pass through to the inspector’s eyes.  Advantages of blue light 
excitation is that visible light wavelengths are inherently safer to the inspector’s skin and 
eyes, and the vendor advertises that the on/off flashing ability of their LED source more 
readily draws the inspector’s attention to an indication.  
 
 
Figure 5: Filtered photographs comparing the appearance of a fluorescent magnetic 
particle indication when irradiated with UV-A (left) or 450-nm blue light (Mazel, 
2008c). 
 
Proponents of blue light excitation are meeting considerable resistance within the 
NDT community due to the lack of peer-reviewed data on the topic, and due to the 21.5-
lux illuminance limit in industrial standards.  Blue light excitation energy lies wholly 
within the visible region of the spectrum, and obviously would not conform to the central 
emission wavelength and illuminance guidelines.  Thus far, blue light excitation has 
gained acceptance mainly in cleaning shops, at fluorescent penetrant inspection wash 
stations, and within companies whose inspection requirements are not governed by the 
limiting standards.  
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Fluorescence:  Luminescence is the low-temperature emission of light from a 
substance caused by electronic excitation of a molecule.  Luminescence may be in the 
form of fluorescence or phosphorescence, depending upon the relaxation mechanism.  
Absorption of a photon excites the fluorophore into an excited singlet state, or orbital.  
While excited, an electron in the excited orbital is paired to a ground-state electron, and 
upon return to the ground state a photon is released.  The time required for excitation and 
emission of a photon is on the order of 10 nanoseconds (Lakowicz, 2006).  
Standard dyes are colored because they selectively absorb visible light, while 
fluorescent dyes not only absorb light, but also emit light when electronically excited 
(Graham, 1967).  A complex combination of factors controls whether a dye is 
fluorescent, including the geometric and electronic structure of the molecule, and the 
properties of its surroundings (Lovejoy, 1988; Higgins and Towns, 2003).   
Fluorophores absorb specific wavelengths of excitation energy, and generally 
release that energy quickly in the form of longer wavelength visible light.  Modern 
fluorescent test media are generally comprised of at least two fluorophores: an optical 
brightener that absorbs UV-A energy and emits blue light, and another fluorophore that 
absorbs blue light to emit the characteristic yellow-green color common to most 
fluorescent test media (Graham, 1967).  This teamwork approach to fluorescence is 
known as the cascade effect, which affords a much brighter indication than was possible 
when only one fluorophore was used. 
The total energy of any molecule is the sum of the energy holding the nuclei 
together, and the energy of the chemical bonds.  In this context, energy within the nucleus 
is generally ignored, while electronic and vibrational bond energy are both considered 
(Lovejoy, 1988).  Absorption of ultraviolet energy in a fluorophore leads to changes in 
the electronic configuration, while absorption of infrared energy leads to changes in 
vibrational energy (Graham, 1967).  If the energy absorbed is sufficient, the molecule 
may be excited from ground state energy level to an excited state (Figure 6a).   If more 
energy is absorbed than is necessary for a simple transition from one singlet state to 
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another, the excess energy may be converted to vibrational or rotational energy.  If the 
incoming photon imparts insufficient energy, no excitation occurs (Lakowicz, 2006). 
High energy excited states are not stable, and the molecule will quickly (within 
10-15 – 10-9 seconds) adopt a semi-stable excited state (Figure 6b).  This transition 
between the unstable and semi-stable states is accomplished though internal conversion, 
where molecular vibrations transfer thermal energy to the surrounding solvent (Figure 
6c).  The molecule then relaxes from the semi-stable excited state to ground state by 
releasing a photon (Figure 6d).  Changes in the electronic state of the fluorophore can 
result in changes to the shape of the molecule (Graham, 1967; Lakowicz, 2006).  Internal 
loss of energy is known as nonradiative deactivation, which could be in the form of 
collisions with other molecules, or intramolecular thermal motion (Lovejoy, 1988).  
  
  
   (a)    (b) 
            
   (c)    (d) 
Figure 6: Pictorial representation of the fluorescence phenomenon showing energy 
absorption (a), relaxation from unstable states to a semi-stable state (b) through 
the release of thermal energy to the surrounding solvent (c), and finally the 
release of a photon of visible light (d) (Invitrogen, 2008). 
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The ground state for a molecule is its lowest energy state.  There are several 
distinct excited energy levels that a fluorophore can attain, and its level depends upon the 
wavelength (energy) of the external exciting light source (Lovejoy, 1988).  Each energy 
state is classified as a singlet or triplet state, which describes differences in electron spin, 
or quantum number.  Each electron may have either a +1/2 or -1/2 spin, and in the ground 
state electrons of opposing spin are paired.  
Quantum number is an integer or half-integer that describes a system of one or 
more subatomic particles.  An atom or molecule may exist only in a specific series of 
states of electronic energy (Herman et al., 2010).  Orbital angular momentum of an 
energy state is estimated with the relation: M = 2S + 1, where M is the angular 
momentum, and S is the total spin.  For example, the state with electron pairing M = 2 (-
1/2 + 1/2) + 1 = 1, represents a singlet state.  If the spin of one electron were to reverse, 
M could then equal 3, which represents a triplet state (Lakowicz, 2006). 
Jablonski diagrams visually represent possible singlet and triplet states for a given 
molecule (Figure 7).  The ground state is represented as the S0 singlet state, and the first 
and second singlet states are S1 and S2 respectively.  Each singlet state may have a 
number of vibrational energy levels, as represented by additional horizontal lines at each 
singlet.  Vibrational energy levels are based upon the charge distribution, and molecular 
shape of atomic nuclei and bonding orbitals.  This schematic representation offered as 
Figure 7 shows absorption of energy and relaxation mechanisms as wavy and straight 
colored lines (Lakowicz, 2006; Johnson and Davidson, 2010).  Wavy lines indicate those 
that occur more slowly, while straight lines indicate processes that occur almost instantly. 
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Figure 7: Schematic representation of a Jablonski energy diagram showing ground state, 
excited singlet states, and excited triplet states (Johnson and Davidson, 2010). 
 
At room temperature, most molecules exist in their lowest vibrational energy 
ground state.  As indicated by the straight green lines in Figure 7, absorption of radiation 
occurs quickly, and excites the molecule from the ground state to an excited singlet state.  
Excitation is an interaction between the oscillating electric field vector of the light wave 
and electrons in the molecule (Lakowicz, 2006; Johnson and Davidson, 2010).  After 
excitation, emission of a photon may occur rapidly through fluorescence, or through a 
delayed triplet process of phosphorescence.  Phosphorescence is too slow to useful for 
NDE test media.  
  
Fluorescent Test Media Excitation and Emission Response:  Absorption and 
emission of energy by a fluorophore are based upon the probabilities of various events.  
Fluorophores prefer to absorb particular wavelengths, and an excitation spectrum may be 
constructed by evaluating the absorption with respect to each wavelength.  Once the 
fluorophore is excited, there are competing modes of relaxation.  Emission of a photon 
through fluorescence, intersystem crossing, internal conversion to vibrational energy, and 
the transfer of energy as heat to the fluorophore’s surroundings through collisions are all 
possible.  Reducing the potential for energy loss to the surroundings through external 
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conversion, possibly by reducing temperature or increasing solvent viscosity, will 
increase fluorophore luminance (Lovejoy, 1988).  
An important property of a fluorophore is how efficiently it can convert excitation 
energy into visible light (Higgins and Towns, 2003).  Efficiency of a fluorophore is 
known as quantum yield, and yield will vary with the medium in which a fluorescent dye 
is dissolved (Graham, 1967).  High efficiency results in an intensely fluorescing dye.  
Theoretically, if a fluorophore were able to convert each absorbed photon into a photon 
of visible light its efficiency would be 100%, and it would have a quantum yield of 1.0.  
Because of competing relaxation processes, no fluorophores attain a quantum yield of 
unity.  Purity of a fluorophore is also important; impurities can dramatically affect 
quantum yield (Higgins and Towns, 2003). 
Jablonski diagrams (Figure 7) also depict the absorption and emission of energy 
by a fluorophore.  Such a diagram displays absorption bands, as well as vibrational 
energy levels for the fluorophore.  For a typical fluorophore, irradiation with a wide 
spectrum source will generate a range of allowed transitions.  These transitions represent 
the vibrational energy levels of the excited states, and some transitions are more likely 
than others.  This combination of transition probabilities allows one to plot an absorption 
spectrum for the fluorophore.  In the Jablonski diagram, the intersystem crossing triplet 
state (phosphorescence) is shown on the right.  The low probability of this crossing is 
because the molecule must first undergo spin conversion to produce unpaired electrons 
(Johnson and Davidson, 2010). 
A Franck-Condon energy diagram generally represents transition probability.  In 
spectroscopy and quantum chemistry a vibronic transition is a simultaneous change of 
vibrational and electronic quantum number within a fluorophore. The Franck-Condon 
principle describes the probability of vibronic transitions due to the absorption or 
emission of a photon.  Probability is based upon the overlap of vibrational wave 
functions, rather than displacement of nuclei (Figure 8).  When overlap is significant, 
transition is more likely.  When overlap is negligible, transitions are far less likely 
(Lakowicz, 2006; Herman et al., 2010).  
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Figure 8: Franck-Condon energy diagram illustrating the probability of a molecule's 
vibronic transition based upon the overlap of wave functions, which leads to the 
characteristic absorption and emission plots of a fluorophore (Herman et al., 
2010).  
 
The probability of a molecule transitioning between two vibrational levels is 
proportional to the square of the vertical overlap of the vibronic wave functions of the 
original and final states in a Franck-Condon diagram.  A fluorescent excitation spectrum 
may be predicted by plotting Franck-Condon plot transition probability with respect to 
incident photon wavelength.  
A fluorescent excitation spectrum displays the peak absorption wavelength of a 
fluorophore and surrounding medium combination (Figure 9).  The fluorophore’s emitted 
photons exhibit a probability distribution with respect to wavelength in the same fashion 
as its excitation spectrum, and therefore the fluorescent emission spectrum is often a 
mirror image of the excitation spectrum.  This mirror symmetry is best observed when 
data are plotted with respect to wavenumber rather than wavelength.  Symmetry is a 
result of the same electronic transitions being involved in both excitation and emission, 
and the similar vibrational energy levels of singlet states S0 and S1. Fluorescent emission 
wavelengths are generally longer than excitation wavelengths, and the difference between 
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peak excitation and peak emission wavelengths is known as Stokes shift (Lakowicz, 
2006).  
  
 
Figure 9: Illustration of a typical fluorescent excitation and emission spectrum showing 
the mirrored nature of the two, as well as the Stokes shift due to internal energy 
loss (Invitrogen, 2008). 
 
Stokes shift is controlled by the electronic structure of the fluorophore, and is a 
characteristic of a given fluorophore/surrounding-medium combination.  Nonradiative 
deactivation in the form of collisions with other molecules, and intra-molecular thermal 
motion are among the controlling factors.   Reversible shape changes caused by 
nonradiative deactivation require a finite amount of energy (Lovejoy, 1988).  
Consequently, the released visible light photon is nearly always a longer wavelength than 
the exciting photon due to transient loss of energy (Lakowicz, 2006; Invitrogen, 2008). 
The central fluorescent emission wavelength is independent of excitation 
wavelength (Figure 10), a property referred to as Kasha’s rule.  The letters shown at 
various points along the theoretical excitation spectrum in Figure 10 represent five 
locations of monochromatic excitation.  For example, if monochromatic radiation 
centered at 540 nm (Figure 10, point A) was provided to the fluorophore, which 
represents peak excitation in this case, the strongest fluorescent emission luminance 
would result.  If the sample were irradiated by 440-nm monochromatic radiation (Figure 
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10, point E), weak fluorescent emission luminance, although still centered at 620 nm, 
would result (Lakowicz, 2006; Invitrogen, 2008).  
  
 
Figure 10: Theoretical fluorescent excitation and emission spectra showing the relative 
effect of altering the wavelength of incident monochromatic radiation away from 
the A-peak of 440 nm (Invitrogen, 2008). 
 
A cornerstone of this research is the fact that the wavelength of incident photons 
affects the intensity of fluorescence, and consequently the radiation from various 
excitation sources is expected to produce varying levels of fluorescent test media 
luminance.  As the wavelength of excitation radiation shifts away from that of peak 
fluorescent excitation, the resultant luminance would be expected to decrease.  It is 
possible that 365-nm peak emission from an exciter does not produce peak test media 
luminance (Prokhorenko et al., 1999). 
 
Measuring Ultraviolet Irradiance:  Radiometry is the science of measuring any 
electromagnetic radiation, often of shorter or longer than visible light wavelengths.   
Radiation is the dissemination of energy from a source, and can vary widely in 
wavelength.  Radiometry measures radiation in a physical manner through observation of 
the energy or power, and observation of the geometry within which energy propagation is 
occurring.  Photometry is the science of measuring light as perceived by the human eye, 
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which is more limited in scope than radiometry.  The techniques and hardware often vary 
between the two disciplines (Köhler and Rainer, 1997).  
The output of an ultraviolet radiation source is measured by its irradiance (E) in 
Watts per meter-squared (W!m-2), typically at 0.381 meters (15 inches) from the emitter 
in domestic NDT applications.  Irradiance is a measure of the radiant power of all 
wavelengths projected upon a surface per unit area (Braslavsky et al. 2007; Björn, 2008; 
Lopez, 2008), and it must be monitored with a photodetector to assure inspection 
sensitivity.  Irradiance falling upon a non-perpendicular surface follows the cosine-cubed 
law, an extension of the Cosine law.  Irradiance varies with cos3(!) of the angle of 
intersection (Köhler and Rainer, 1997).  Therefore irradiance is maximum when incident 
photons are normal to the sensor surface, and zero when the angle of incidence reaches 
90 degrees.  The cosine response of integral sensors is not always ideal, and non-ideal 
response can induce measurement error.  However, such measurement error can be 
avoided if all measurements are taken at the same relative distance and angle (Reed et al., 
2009).   
Photodetectors generate an electrical charge that scales with the number of 
incident photons, a process that can be measured in electrons per photon (Köhler and 
Rainer, 1997).  The purpose of any photodetector is to convert electromagnetic radiation 
into an electronic signal that scales with intensity.  The term “spectral” refers to 
quantities that vary with wavelength.  When considering radiometric measurements, 
irradiance would therefore be a single measurement made across all wavelengths allowed 
by the photodetector, while spectral irradiance (E(")) is a function of wavelength 
(Schneider and Young, 1997; Köhler and Rainer, 1997). 
Three main forms of sensors are used for radiation measurement: integral 
measurement technology (Figure 11, left), spectral measurement technology (Figure 11, 
center), and diode array technology (Figure 11, right) (Koren, 2001; Gigahertz-Optik, 
2007).  Integral sensors can measure only spectrally integrated irradiance (referred to 
hereinafter simply as “irradiance”).  Diode array polychromators and other spectral 
measurement devices are used to measure spectral irradiance, although later 
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mathematical manipulation can transform these data into irradiance (or illuminance). 
Spectral irradiance is a measure of incident optical power per unit area per unit 
wavelength.  A considerable amount of information regarding incoming light can be 
determined from a measurement of its spectral irradiance (Köhler and Rainer, 1997). 
 
 
Figure 11: Light measurement technologies currently in use are the integral type (left), 
spectral measurement technology (center), and polychromator (right) (Gigahertz-
Optik, 2007). 
 
Integral sensors, which utilize filters to limit a photodiode’s spectral sensitivity to 
target a photometric or radiometric range, have been the historical standard.  Precise 
spectral distribution measurements utilize scanning single- or double-monochromator 
spectroradiometers to measure incident spectral irradiance in small increments.  Double-
beam double-monochromator spectroradiometers are precision laboratory devices that are 
quite costly, while single-monochromator spectroradiometers sacrifice precision but are 
less expensive.  A low-cost option for obtaining spectral irradiance data is the 
polychromator spectrometer, which contains a linear charge-coupled device (CCD) array 
and stationary grating (Gigahertz-Optik, 2007). 
Between 1942 and 1967 integral sensors intended for visible light were used to 
measure ultraviolet irradiance (Clarke, 1954; Schmidt, 1975; Holden, 1983).  Due to 
deficiencies in filtering, these sensors responded to wavelengths from 315 nm through 
720 nm, and provided estimates of irradiance then considered accurate within 10%.  As a 
result of using visible light sensors for invisible energy, UV-A was measured in foot-
candles, a non-SI unit of visible light illuminance.  At that time 969 lux was considered 
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adequate for inspection (Clarke, 1954), and conversion between photometric and 
radiometric quantities was meter-specific (Schmidt, 1975).   
A 1967 effort by the U.S. Air Force Materials Laboratory contributed greatly to 
standardization by: defining the units to be used in radiometers for fluorescent NDT 
applications, mandating that UV-A meters have maximum responsivity at 365 nm and be 
filtered to have negligible visible light responsivity, and expressing concern that no 
governmental agency could calibrate ultraviolet radiometers (Holden, 1983).  Common 
UV-A meters today meet this 365-nm peak responsivity, and responsivity generally falls 
to 10% at 328 and 398 nm (Xu and Huang, 2000; ISO 3059:2001(E), 2002).  The 1967 
Air Force effort also concluded that the minimum UV-A irradiance should be between 
8.65 and 10.2 W!m-2 (865 and 1020 µW!cm-2), depending upon application (Holden, 
1983); values that are still followed today. 
A UV-A integral sensor is comprised of a UV-enhanced silicon photodiode (Xu 
and Huang, 2000), aperture, filter set, and is covered by a diffuser (Figure 12).  They are 
sensitive and fast.  Filter choice plays a large role in their irradiance responsivity and how 
well they match an action spectrum.  An action spectrum, which may be photovoltaic, 
photochemical, or photobiological in nature, is simply a plot of desired spectral 
responsivity of the sensor versus wavelength.  In NDE, two common action spectra 
would be human vision sensitivity, and the sensitivity of human skin and eyes to damage 
by ultraviolet radiation.   
 
 
Figure 12: Schematic construction of an integral broadband detector showing (1) entrance 
cosine diffuser, (2) filter set, and (3) photodetector (Gigahertz-Optik, 2007). 
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 All light sensors, even the human eye, exhibit a wavelength-dependent light 
sensitivity.  Light may be treated as a wave or a particle in physics.  Photometry generally 
employs the wave interpretation; however, the particle approach is useful for explaining 
the responsivity of sensors. The responsivity of electronic sensors can be expressed in 
terms of an amount of current produced by the power of incident monochromatic light. 
  Current produced by an integral sensor is the mathematical integral (hence the 
name) of the product of the spectral irradiance of the source and the spectral responsivity 
of the sensor.  Spectral responsivity is key for photodetectors, and plays a strong role in 
measurement accuracy (Köhler and Rainer, 1997; Larason and Cromer, 2001; Envall et 
al., 2006).  The calibration of broadband sensors is source-dependent, and consequently 
they are only accurate when calibrated with the same emission spectrum that they will be 
used to evaluate.  A recent study highlighted the potential light measurement error, even 
when performed by experts.  This inter-comparison of UV-A radiometer calibration 
laboratories, which was considered quite successful, showed a 10% variation between 
labs (Envall et al., 2006).  This would suggest that NDT practitioners have a significant 
amount of measurement error completely outside of their control. 
Most manufacturers provide radiometric sensors with an interference or colored 
glass filter, which both produce a bell-shaped spectral responsivity.  Few manufacturers 
incur the high cost of providing sensors with specially manufactured and selected filter 
sets that together approach a square function.  An example spectral irradiance 
responsivity plot for a quality commercial sensor is offered in Figure 13 (Gigahertz-
Optik, 2007).  While economy sensors are often good enought, high quality integral 
sensors with square spectral responsivity are less sensitive to changes in spectrum 
between calibration and tested source.  Such spectrum-based measurement error could be 
as high as 18 – 50% when standard manufacturing techniques are followed (Sayre and 
Kligman, 1991).  In addition, due to the wide variety of sensor designs, quality levels, 
and calibration sources, variations observed between commercially available devices can 
be as high as 30% (Xu and Huang, 2003). 
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Figure 13: Example spectral responsivity of a high-quality broadband integral radiometric 
UV-A sensor showing the targeted versus actual spectral responsivity between 
315 and 400 nm (Gigahertz Optik, 2007). 
 
Integral ultraviolet sensors cannot resolve the wavelength of incident radiation, 
and significant errors can occur when the spectrum of the exciter they are used to 
measure differs from that used during calibration.  The covering diffuser provides the 
desired cosine, or Lambertian, response to the sensor head (Figure 12).  A diffuser may, 
however, make the spatial response of the detector head less uniform (Xu and Huang, 
2003).  Less uniformity could lead to additional measurement errors when the radiant 
source is spatially non-uniform. 
 
Human Vision:  The relative spectral responsivity of the human eye is similar 
across the population, but can vary with the individual and the viewing conditions 
(Köhler and Rainer, 1997).  Human vision is enabled by biological photoreceptors 
located in the retina.  Photoreceptors called rods are responsible for monochromatic night 
vision.  There are three types of photoreceptors called cones, which function in unison to 
provide trichromatic human eye sensitivity to red, blue, and green (Rea, 2000).   
The composite trichromatic spectral response of the human eye during daylight 
viewing, or photopic conditions, is represented by the CIE spectral sensitivity function of 
the eye (V(")).  These data are based on the average of many human observers, and 
describe vision in the central 2-degrees of the eye’s field of view under relatively high 
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luminance (Köhler and Rainer, 1997).  As mentioned previously, the “spectral” adjective 
is commonly used in radiometry and photometry to indicate a quantity in terms of its 
wavelength (Schneider and Young, 1997).  CIE adopted the 2-degree standard observer 
data in 1924, and it was subsequently revised to correct upper and lower wavelength 
limits in 1951 by Judd, and in 1978 by Vos.  The currently accepted version is the 1978 
2-degree fundamental observer data (Vos, 1978; Köhler and Rainer, 1997).  
Photopic vision of the standard observer (Rea, 2000) begins at 380 nm, exhibits a 
maximum at 555 nanometers, and extends through 780 nm (Figure 14).  Designers of 
green fluorescent NDT test media sought to take advantage of physiology by targeting a 
fluorescent emission of 555-nm, which is the wavelength of maximum visual sensitivity 
(Graham, 1967; Schmidt and Robinson, 1984).  Luxmeters utilize a filter set that tries to 
replicate the V(") curve, and thus replaces the human eye in photometry (Köhler and 
Rainer, 1997).   
 
 
Figure 14: Photopic luminous efficiency function, which shows a maximum responsivity 
at 555 nanometers that corresponds to green light (Gigahertz-Optik, 2007). 
 
While most visible light integral sensors have a photopic action spectrum, 
mesopic viewing conditions are actually experienced in the NDT inspection booth.  
Mesopic conditions fall between high luminance (photopic), and low luminance 
(scotopic) conditions.  Mesopic vision has been extensively studied, but has never been 
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officially defined (Köhler and Rainer, 1997).  The CIE technical committee TC 1-58 was 
formed to establish a consensus mesopic function (Halonen, 2010).   While the Purkinje 
effect (a blue shifting of visual sensitivity) regarding low-light visual sensitivity was 
noted nearly 200 years ago, international agreement on a representative response curve 
has yet to be realized. 
 
Measuring Visible Light Illuminance:  Luminous flux is the basic photometric 
measurement quantity, and it is the amount of electromagnetic radiation emitted by a 
source, spectrally weighted according to the V(") human eye spectral luminous efficiency 
function.  Luminous flux, which is measured in lumens, is similar to radiant power in 
radiometry.  The luminous flux per detector area is illuminance, or lumens per meter-
squared, and it has a special unit called lux (Ohno, 1997; Gigahertz-Optik, 2007). 
Industrial NDT standards require that visible light emitted, or “leaked”, by 
ultraviolet sensors be measured photometrically.  As discussed earlier, leaked visible 
light may be violet or red in color, due to the transmittance properties of Wood’s glass 
filters.  This leaked light therefore falls into wavelength regions that have inherently low 
photometric sensitivity (Figure 14).  Resultant measurements have substantial 
uncertainty, due not only to the photometric response curve, but also due to the wide 
range of quality levels of light meters.  These problems have caused some researchers to 
propose that low-cost integral sensors be abandoned for measurement of leaked visible 
light measurement in favor of a spectroradiometer (Prokhorenko et al., 1999). 
Domestic NDT standards also mandate that exciters used for final inspection emit 
less than 21.5 lux of illuminance.  Variation between filter sets incorporated by light 
meter manufacturers often results in quite different readings when multiple meters 
evaluate the same illuminance.  For example, 21.53 lux as measured by one device may 
register as low as 3.23 lux, or as high as 86.11 lux on calibrated meters, solely dependant 
upon the model chosen (Airworthiness Notice #95, 2002).  
One reason behind inter-meter variation is how well the responsivity of the 
integral sensor matches the V(") function.  A mathematical function is often used to 
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describe how well an integral sensor matches a desired action spectrum (Ohno, 1997; 
Gigahertz-Optik, 2007).  Several photometric parameters may be used to evaluate a 
sensor, but the most frequently used is the spectral matching evaluation index (f1') value 
(Equation 4).  The spectral matching evaluation index indicates the quality of an integral 
detector by assigning the sensor a spectral match percentage.  Lower percentage values 
equate to a better match between the actual responsivity and ideal function.  High quality 
integral sensor designs exhibit an f1' of less than 3%, and quality sensors fall into the 3– 
5% range.  Typical economy-grade sensors are generally around 5%, while lower quality 
sensors may approach 8% or more.  
Equation 4 
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where 
 f1’ = spectral matching evaluation index 
 SA(") = relative spectral distribution of CIE standard Illuminant A 
 V(") = photopic luminous efficiency function 
 sr*(") = normalized relative spectral responsivity of the sensor 
 sr(") = spectral responsivity of the photometric sensor 
This calculation can be limited to 380 to 780 nm, if the responsivity of the sensor 
is known to be negligible outside of this range (Ohno, 1997).  As the f1' value decreases, 
the measurement error caused by measuring a source with an emission spectrum 
dramatically different than the calibration source decreases.  The maximum mismatch 
value depends upon needs; cost scales with quality level (Schneider and Young, 1997).  
Photometric measurements for NDT should ideally utilize high quality sensors (f1' values 
ideally less than 3%), and implement an f1' limit of 5% so that inter-meter measurement 
variation is reduced. 
Visible light sensors are generally calibrated with an incandescent light source; 
often a CIE Illuminant A source.  This tungsten filament source is designed to be a 
Planckian (blackbody) radiator with color temperature of approximately 2856 K.  Light 
meters calibrated with an Illuminant A source will exhibit little measurement error when 
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measuring tungsten or halogen light sources.  This error (typically 5% or less) is often 
proclaimed in the documentation accompanying a device.  However, when these same 
sensors are used to evaluate narrow bandwidth sources that are centered away from the 
555-nm photopic response peak, the error can exceed 40% (Figure 15) (Gigahertz-Optik, 
2007).  The reader should recall that some of the visible light leaked from an ultraviolet 
source will fall, for example, between 400 and 420 nm.  Such uncertainty, even with 
integral sensors of a higher quality level than is typical in NDT, would therefore be 
expected when measuring leaked visible light.  
 
 
Figure 15: Estimated uncertainty when measuring the illuminance of a variety of narrow 
bandwidth sources with a high quality photometric sensor can vary from 
negligible for green LEDs at the center, to approximately 40% when evaluating 
violet and red LED sources (Gigahertz Optik, 2007). 
 
Health and Safety:  Ultraviolet radiation is defined as radiation with a 
wavelength between 100 and 400 nanometers.  Photons in this energy range can injure 
biological cells.  The small subdivision of ultraviolet radiation utilized in fluorescent 
NDT was long considered safe for extended exposure times of the inspector.  Recent 
research on UV-A radiation suggests that a measureable health risk is present, and this 
risk varies greatly with photon wavelength (Diffey, 2002).  Possible deleterious effects of 
excessive UV-A exposure are cataracts, retinal burns, and skin cancer (Reed et al., 2009).  
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These photobiological effects have been studied and defined by health and safety 
organizations, and one domestic authority is the American Conference of Governmental 
Industrial Hygienists (ACGIH#).  ACGIH maintains, and periodically updates, threshold 
limit values (TLV#) and biological exposure indices (BEI#) for hazardous chemicals and 
physical agents (ACGIH, 2004).   
One of ACGIH’s TLVs offers recommendations on safe exposure to ultraviolet 
radiation, visible light, and infrared radiation.  In NDT there are two main concerns when 
working with nonionizing radiation (UV-A and longer wavelength): retinal 
photochemical injury due to blue-light exposure, and extended ultraviolet exposure of the 
skin and eyes.  Blue light hazard pertains mainly to wavelengths between 400 and 500 
nm, and peaks at 435 to 440 nm (Zuclich et al., 2005; Algvere et al., 2006).  The ACGIH 
ultraviolet hazard action spectrum (S") is defined between 180 nm and 400 nm, and 
peaks at 270 nm (Schmidt, 1975).  Integral sensors replicating the necessary action 
spectra are available for evaluation of both of these hazards. 
The total energy emitted from a source, integrated over time, is its radiant energy 
in Joules.  In some industrial applications, such as water purification, literature will refer 
to a fluence rate.  Fluence rate is based upon radiation being incident upon a sphere (as 
opposed to a flat surface for irradiance) from all directions (Braslavsky et al., 2007; 
Björn, 2008), and has the same units as irradiance.  Irradiance and fluence rate can be 
equal only when a single source of radiation is perpendicular to the flat irradiance 
detector (Björn, 2008).  This condition was met for work contained in this thesis, and the 
term “irradiance” will henceforth be used.   
Effective irradiance, which is a measurement obtained with a spectrally-weighted 
sensor, is measured in watts per meter-squared.  Effective irradiance (Equation 6) can be 
directly measured when the sensor is designed around the desired action spectrum.  
Spectral responsivity, which is the per-wavelength ratio of sensor output versus input, can 
be tailored to mimic the ACGIH photobiological action spectrum.  One watt is equal to 
one joule per second.  When a known radiometer integration time is used, a dose rate can 
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be determined.  The ultraviolet dose, in joules per meter-squared, may be determined by 
multiplying effective irradiance by the exposure time, as shown in Equation 6. 
          Equation 6 
  
! 
Eeff = E" #S" #$"180
400
%    
where: 
 Eeff = effective irradiance  
 E" = spectral irradiance 
 S" = ACGIH photobiological hazard action spectrum  
The photobiologically weighted integral sensor unit shown in Figure 16 has two 
integral sensors: one for UV-C and UV-B, and a flat-responsivity UV-A sensor.  The 
dual-sensor design facilitates accurate measurements over the whole ultraviolet range, 
and compensates for the factor of 10,000 difference in biological effect between UV-B 
and UV-A wavelengths (Gigahertz-Optik, 2007). 
 
  
Figure 16: Composite spectral responsivity for dual-sensor ACGIH-weighted integral 
sensor with a flat response through the UV-A region, which directly measures 
the effective irradiance of an ultraviolet source (Gigahertz-Optik, 2007). 
 
Effective irradiance quantifies the health hazard of an ultraviolet radiation source, 
and thus allows for the calculation of a maximum exposure time that, according to 
current ACGIH guidelines, an operator could safely absorb on an 8-hour daily basis 
(Ness et al., 1996; ACGIH, 2004).  Maximum recommended exposure time is calculated 
according to Equation 7.     
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          Equation 7 
! 
tmax =
30
Eeff
 
where: 
tmax = maximum safe exposure per 8-hour day (seconds) 
Eeff = effective irradiance (W!m-2) 
Specimen geometry or surface finish can be such that excitation radiation could 
be reflected into the inspector’s eyes.  Strong blue light or UV-A in the inspector’s eyes 
will reduce test sensitivity (Clarke, 1954), and protecting the inspector’s eyes with 
necessary eyewear can minimize exposure and maximize sensitivity.  This eyewear 
generally has clear lenses, although amber lenses also have their place in NDT.  Clear 
lenses block only ultraviolet radiation, and allow all visible light to pass.  Amber lenses 
block ultraviolet radiation and some visible light, transmitting only blue-green light and 
longer wavelengths.   
Amber lenses have been promoted for decades due to their indication contrast-
enhancing potential (Betz, 1969; Hagemaier and Bowles, 1979; Holden, 1983; Ness and 
Moss, 1996; Lopez et al., 2006).  Their use with UV-A sources has not, however, been 
widely adopted domestically.  Figure 17 illustrates the potential benefit, where UV-A 
(315 - 400 nm) and many of the blue light hazard wavelengths (400 - 500 nm) are 
blocked, while the majority of this theoretical test media’s emission spectrum is allowed 
to pass to the inspector’s eyes. 
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Figure 17: Proposed benefit of using amber safety lenses with a UV-A source would be 
that all excitation energy is blocked, along with the majority of the blue light 
hazard wavelengths, while most of the light emitted by a fluorescent test media is 
allowed to pass through (Holden, 1983). 
 
Actual ultraviolet-visible light transmission spectra for clear (Figure 18, left) and 
amber (Figure 18, right) polymeric protective lenses (Bacou-Dalloz Americas, 2010) vary 
slightly from the idealized case presented in Figure 17.  Note that the blue-blocking 
amber lens would appear to transmit a slightly higher percentage of the 555-nm yellow-
green visible light of an indication.  The clear lens transmits approximately 0.01% of 
radiation below 400 nm, and transmits approximately 88% of yellow-green visible light.  
The amber lens transmits 0.01% of radiation below 400 nm, and transmits approximately 
90% of yellow-green visible light. 
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Figure 18: Typical ultraviolet-visible light transmission spectra for a clear (left) and an 
amber (right) polymeric protective lens (Bacou-Dalloz Americas, 2010). 
 
Spectral Mismatch Correction Factor:  There are two types of integral sensors: 
spectrally weighted, and absolute (Xu and Huang, 2000); both are susceptible to error.  
Error can come from non-ideal responsivity, non-ideal cosine response, or poor 
responsivity matching with respect to a desired action spectrum (Larason, 2001).  
Absolute irradiance sensors require no spectral mismatch adjustment to their meter 
reading, as these use a theoretical top hat action spectrum (Prohkorrenko et al., 1999; Xu 
and Huang, 2000; Larason, 2001).  Few manufacturers, however, can fabricate sensors 
approaching a top hat responsivity (Xu and Huang, 2000). 
If a sensor whose responsivity does not exactly match the desired action spectrum 
is utilized to measure a light source not used for sensor calibration, a spectral mismatch 
error results (Xu and Huang, 2000; Envall, 2006).  It is necessary to correct for the 
difference in emission spectra to remove this error, which can be quite significant 
(Larason and Cromer, 2001).  This correction scales the measured photocurrent to 
compensate for errors due to emission spectrum changes.  Correction of effective (as-
measured) irradiance to absolute (corrected) irradiance requires, among other factors, 
knowledge of the sensor’s responsivity, which is not freely available from all radiometer 
manufacturers.  This correction procedure has commonly been applied outside of the 
NDT industry for decades, especially for researchers working with solar radiation (Field 
and Emery, 1993).  
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Master meters may be calibrated against a tungsten standard, deuterium standard, 
or a 365-nm mercury vapor emission line (Sayre, 1992).  Most meters used in NDT are 
calibrated with a mercury vapor emission line (Larason and Cromer, 2001, ISO 
3059:2001(E), 2002), and an electronically calibrated pyroelectric radiometer acts as a 
transfer standard (Holden, 1983; Xu and Huang, 2003).  Some researchers have proposed 
that radiometers be calibrated for a particular exciter, and be used only to evaluate that 
source (Sayre, 1992), while others disregard the measurement error altogether 
(Prokhorenko et al., 1999).  Spectral mismatch error, however, has been shown to be the 
most significant source of error (Reed et al., 2009), and has been estimated to be between 
2.7% and 297% depending upon application (Larason and Cromer, 2001). 
Spectral mismatch correction considers four parameters: the spectral responsivity 
of the sensor, the ideal sensor responsivity (or action spectrum), the spectral radiant 
power of the calibration source, and the spectral radiant power of the test source.  
Correction factor magnitude can be strongly affected by measurement uncertainty and 
propagation of errors (Field and Emery, 1993), but when performed properly this method 
can reduce measurement uncertainty to less than 20% (Gugg-Helminger, 2004).  At least 
one study (Reed et al., 2009) showed that the same ACGIH-weighted integral sensor 
utilized for work summarized by this thesis provided excellent cosine response, and when 
spectrally-corrected, was generally within 10% of results obtained with a double-
monochromator spectroradiometer. 
 
The spectral mismatch calculation allows irradiance to be measured for any test 
lamp and any detector.  Two forms are found in the literature, and one is simply the 
inverse of the other.  Sometimes this factor is referred to as a spectral mismatch 
correction factor (often used when the factor is multiplied by the radiometer meter 
reading), and other literature uses the term a(Z) correction factor (when the meter reading 
is divided by the factor).  A simplified form of the a(Z) relationship, which was used 
exclusively within this document, is provided as Equation 8.  The complete a(Z) form is 
offered as Equation 9.  When a(Z) is greater than 1, the sensor is interpreting irradiance 
higher than actual; when a(Z) is less than 1, the detector reads lower than it should.  
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Based upon a review of literature, a(Z) correction factors for NDT would be expected to 
range between 0.4 and 1.7 (Gugg-Helminger, 2004; Reed et al., 2009). 
          Equation 8 
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          Equation 9 
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where: 
 a(Z) = spectral mismatch factor 
 Ecal(") = spectral radiant power of the calibration source 
 Es(") = spectral radiant power of the excitation source of interest 
 Rideal(") = normalized ideal responsivity or action spectrum 
 Rt(") = normalized responsivity of actual integral sensor 
 
Research Needs:  Industrial needs, and a lack of research on the optimal UV-A 
source for NDT have been identified in this introductory chapter.  To address the overall 
hypothesis that an alternative excitation source exists that outperforms the historical 
standard mercury vapor lamp, one must begin with an understanding of the absorption 
characteristics of fluorescent test media.  The research plan that this thesis followed, 
therefore, took the basic form laid out in Figure 19.  
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Figure 19: Research plan in flowchart form showing the initial question through final 
recommendations. 
 
Fluorescent excitation and emission spectra for solid or liquid samples were 
obtained experimentally with an ultraviolet-visible light (UV-vis) spectrofluorometer.  It 
was expected that common penetrants and magnetic particles, when batches and brand 
names were compared, would not all behave equally.  It was also expected that optimal 
fluorescent excitation would not always lie at the 365-nm emission wavelength of filtered 
 36 
medium-pressure mercury vapor exciters.  This portion of the experimental work sought 
to determine the optimum excitation wavelength for each test media option. 
A polychromator spectrometer, in relative irradiance mode, was next utilized to 
capture emission spectra from each exciter.  Evaluation of how effectively radiation 
sources provided excitation energy to the fluorescent test media was then possible.  An 
area measurement of the product of a fluorescent excitation spectrum and an exciter 
emission spectrum was utilized to provide a basis of comparison between all available 
options.  Mathematical prediction of fluorescent luminance offered insight into which 
exciter would be expected to be optimal for a given test media.  Predictions were 
compared to experimental data to determine if time-consuming laboratory work could be 
omitted in any future work. 
Irradiance and illuminance were measured with high-quality sensors, and with 
economy-grade sensors for comparison.  An ACGIH-weighted sensor was used to 
measure effective irradiance.  Because none of the exciter’s emission spectra matched the 
spectrum used to calibrate the high-quality integral sensors, spectral mismatch correction 
factors were determined for each exciter/sensor combination.  Calculated maximum 8-
hour exposure times at realistic irradiance levels were then determined from corrected 
effective irradiance levels.   
The validity of photometric measurements called for within industrial standards, 
given that such measurements would be expected to result in high uncertainty, was 
explored.   A cursory evaluation of the benefit of measuring leaked visible light 
radiometrically was also completed.  It was expected that uncorrected illuminance 
measurements would be dramatically different compared with actual corrected values. 
Irradiance versus position of each radiation source was next explored by 
traversing an integral sensor along an X-Y plane at 0.38 m from the exciter.  
Concentrations of high irradiance were expected for spotlight sources, while other 
sources were expected to distribute their emission more broadly.  The viability of each 
radiation source was then judged by its emission spectrum, maximum irradiance, and 
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irradiance pattern across an area.  Poorly performing radiation sources were ruled out at 
this stage. 
Lastly, the existing safety lens options for fluorescent NDT were studied in detail.  
The polychromator spectrometer was used to qualitatively measure the transmission 
spectra of several filtering safety glasses.  Luminance predictions were made through the 
use of test media fluorescent emission spectra and lens transmission spectra.  Predictions 
were then tested by experimental data gathered with an automated filter photometer.  A 
subset of exciters and test media was selected for experimental work such that major 
factors are represented.  Luminance measurements were made with, and without, safety 
lenses positioned within the optical path.  Based upon all of the results obtained, the best 
radiation source for optimum fluorescence was determined, and the best safety lens for 
use with that source was established. 
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RATIONALE 
 
This thesis was directed toward the question of whether recent advancements in 
radiation sources and test media offered significant improvements over the current state 
of the art.  Experimental work began with characterization of common penetrant and 
magnetic particle test media to determine their fluorescent excitation spectra.  I next 
compared the fluorescent excitation spectra of NDT test media with the emission spectra 
of common excitation sources used to induce fluorescence.  As indication luminance 
increases, defect indications become easier for the inspector to detect.   
Fluorescent penetrant and magnetic particle test media were designed around the 
widely available filtered medium-pressure mercury vapor lamp, which remains the 
standard excitation radiation source.  Test media properties, and the types of available 
excitation sources have changed with time, and it is unclear whether present-day media 
are best excited by the historical standard ultraviolet radiation source.  Improvement in 
radiation sources was primarily judged by an increase in fluorophore luminance versus 
background, which led to an increase in signal-to-noise ratio and better indication 
detectability.  Other factors considered were improved health and safety, and ease of use. 
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CHAPTER 2:  EXCITATION, EMISSION, AND 
TRANSMISSION SPECTRA 
 
TEST MEDIA FLUORESCENT EXCITATION SPECTRA 
 
A Hitachi F-2000 UV-vis spectrofluorometer (serial number 2510221-02), 
sometimes referred to as a fluorescence spectrophotometer, was used to measure the 
excitation spectra of 190 fluorescent penetrant and magnetic particle samples.  These 
samples included 41 different products, and encompassed up to 13 different production 
years of some individual products (Appendix A).  While the spectrofluorometer may be 
used in a stand-alone fashion, it was configured to be computer controlled to facilitate 
electronic data capture.  This unit contained a xenon short arc lamp as an excitation 
source and was capable of excitation or emission scans over the wavelength range of 220 
through 730 nm.  A number of parameters could be varied for a given test, including: 
excitation scan wavelength range, emission wavelength for luminance monitoring, 
integration time, photomultiplier tube voltage, wavelength resolution, and bandpass.  
Bandpass, with respect to a spectrofluorometer, is the size of the step in nanometers 
between data points. 
A spectrofluorometer fluorescence excitation scan is similar to the more common 
spectrophotometer absorbance scan, but results will not necessarily be the same.  
Absorbance (or its inverse, transmittance) is measured with a spectrophotometer, which 
monitors the wavelength-dependent attenuation of light passing straight through a 
sample.  Such a scan will determine how a sample absorbs light, but there is no assurance 
that all absorbed light will cause fluorescence.  For that, the more specialized 
fluorescence spectrophotometer is needed.   
Fluorescence excitation scans monitor for light emitted from a sample that is 
irradiated with a specified range of lower-wavelength energy.  For example, one may 
monitor a sample for the intensity of light emitted at 550 nm, while irradiating it, in step-
wise fashion, to UV-A energy with wavelengths of 315 through 400 nm.  Typically, a 
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quartz cuvette (liquid sample holder with some desired geometry) is optimal for UV 
spectrofluorometry.  Quartz has excellent transmission characteristics at wavelengths of 
170 nm and longer.  Due to the large number of samples to be tested, cuvette cleaning 
between experiments was expected to be not only a productivity bottleneck, but also a 
potential source of cross-contamination error.  Because the wavelength range of interest 
for this work was 300 to 700 nm, disposable polymethyl-methacrylate (PMMA) cuvettes 
were used because they offered the optimal combination of radiation transmission, cost, 
and productivity.  Four-sided PMMA cuvettes with a 10-mm optical path were therefore 
used for all excitation and emission scans. 
To verify that the spectrofluorometer was working as desired, a few specific 
experiments were performed.  These experiments included a verification of its signal-to-
noise ratio (SNR) and detector drift, emitted light wavelength accuracy, and detector 
wavelength accuracy.  Fluorescent excitation spectra were collected using the freeware 
computer terminal program called Realterm, which was developed by Simon Bridger and 
Carl Pearson (http://sourceforge.net/projects/realterm/).   
A common method for validating spectrofluorometer function is to measure the 
Raman spectra of distilled water.  The Raman peak of water can be detected by exciting 
the sample at 350 nm, while monitoring for emission from 350 to 420 nm.  The Hitachi 
F-2000 had an automated procedure for verifying SNR and signal drift through the use of 
this water Raman signal, and this device passed its internal evaluation.  A typical result 
was an SNR of 285 with a signal intensity drift of 0.716 counts per integration time. 
The ability of the spectrofluorometer to truly emit light of a wavelength that it 
claimed to emit was verified with a stand-alone polychromator spectrometer.  An optical 
fiber connected to an Ocean Optics USB-2000+ polychromator spectrometer was 
positioned to determine the wavelength of energy emitted by the spectrofluorometer’s 
monochromator, and the two devices agreed.  
The spectrofluorometer’s detector accuracy was verified through the use of an 
Ocean Optics HG-1 mercury-argon wavelength calibration source, which emitted known 
emission lines between 253 and 922 nm.  An optical fiber connected to the HG-1 source 
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was directed toward the spectrofluorometer detector lens, and an emission scan was 
acquired over the spectrofluorometer’s entire range.  The Hitachi unit successfully 
detected and placed multiple HG-1 emission peaks over the range of 253 to 763 nm.  
Because of the high absorbance of the liquid penetrants, and the fact that magnetic 
particles are solid, the standard method of simply filling a cuvette with sample did not 
work.  A common method for coping with this problem for liquids is to dilute the test 
fluid with some amount of solvent.  Depending upon diluent choice, solvent effects can 
shift absorption and emission peaks (Lakowicz, 2006), so a less traditional method was 
utilized.  Fluorescent excitation spectra for penetrant samples were gathered by wetting a 
cotton-tipped applicator, and then painting the back wall of the cuvette.  Freshly painted 
cuvettes were inverted for at least 30 minutes, which allowed the fluid to establish a 
preferred coating thickness, and thus greatly enhanced scan repeatability.  Magnetic 
particle samples were evaluated by filling a cuvette with a volume of well-agitated test 
media, holding a small magnet against the outside of the cuvette to attract all particles 
from the volume to the same area, and then removing the oil carrier fluid. 
Fluorescent excitation of penetrant samples was monitored at 550 nm while the 
spectrofluorometer’s monochromator irradiated the sample with wavelengths between 
300 and 525 nm in 1-nm steps.  As visible in Figure 20, most penetrant samples exhibited 
similar fluorescent excitation characteristics.  While the values varied slightly between 
samples, maximum relative excitation occurred between 362 and 371 nm, with a lower 
relative excitation peak near 430 nm.  Test media samples were displayed in an 
anonymous fashion, with vendors referred to as manufacturer letter designations (Mfr A, 
Mfr B, etc.).  Penetrant samples (Pen 1, Pen 2, etc.), and magnetic particle samples (Mag 
1, Mag 2, etc.) were identified first by manufacturer, and then by their anonymous 
identification tag (Mfr D-Mag 3, for example).  The one sample of Mfr D-Pen 1 had the 
single fluorescent excitation spectrum that stood out as different from the rest of the test 
media samples.  Had they been available, it would have been useful to compare this 
single batch of Level # sensitivity water-washable penetrant against others of the same 
test medium to see if it was an outlier. 
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Figure 20: Average normalized fluorescent excitation spectra for each penetrant test 
medium, where up to 13 samples may be represented within a single data set. 
 
Later experimentation on photometric luminance of penetrant samples would be too 
cumbersome if performed on all 190 samples. The data represented in Figure 20 were 
therefore used to select three representative penetrant test media.  Manufacturer B’s 
penetrant 2 (Mfr B-Pen 2) exhibited one of the highest average relative excitation at 430 
nm, and one batch of this test medium was arbitrarily chosen for further experimentation.  
The normalized fluorescent excitation near 430 nm of the single sample of Mfr A-Pen 2 
fell slightly below the rest of the samples, and this test medium was chosen for further 
study.  Mfr D-Pen 7 penetrant fell approximately in the middle of the overall results, and 
the 2004 batch excitation spectrum (Figure 21) lay at the middle of the eleven Mfr D-Pen 
7 samples.   
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Figure 21: Individual normalized fluorescent excitation spectra for eleven batches of Mfr 
D-Pen 7 penetrant, which exhibited a peak excitation at 368 nm (a slight zero 
offset error is visible near 500 nm in this collection of data). 
 
This overall research effort included UV-A and blue light exciters.  Samples of 
penetrants were therefore selected to offer a range of fluorescent excitation sensitivity to 
blue light for comparison purposes.  The three penetrant samples selected represented 
high, median, and low normalized fluorescent excitation near 430 nm.  Also, these 
samples represented a slight shift in peak excitation, with Mfr A-Pen 2 at 365 nm, Mfr B-
Pen 2 at 367 nm, and Mfr D-Pen 7 at 368 nm.  With three representative penetrants 
chosen, magnetic particles were next evaluated. 
Spectra of fluorescent magnetic particle test media were not as consistent as those 
of fluorescent penetrants.  As shown in Figure 22, fluorescent magnetic particles 
exhibited maximum excitation between 270 and 465 nm (below the UV-A range), and 
lesser excitation peaks at other wavelengths. Only UV-A and visible light excitation were 
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considered due to health and safety considerations, and these are the only excitation 
wavelengths utilized in NDT. 
 
 
Figure 22: Average UV-A-normalized fluorescent excitation spectra for batches of 
magnetic particle test media, where the vertical red line highlights the location of 
365 nm. 
  
One magnetic particle test medium offered the only appreciable inter-batch 
variance of test media.  The 2008 batch of Mfr D-Mag 1 exhibited a broad excitation 
peak centered at 444 nm, but nine other batches of Mfr D-Mag 1 media exhibited quite 
different excitation spectra (Figure 22).  This variation was verified, but it was not 
possible to explain this variance.  The manufacturer suspected sample contamination, 
although given that these results resembled no other product’s excitation spectrum it was 
not clear what the contaminant might have been.  Another possibility could have been 
that pigment concentrations were out of balance during manufacturing.   
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Mfr B-Mag 1 showed peak excitation at 465 nm, and a lesser peak at 361 nm.  
Mfr C-Mag 1 and Mfr C-Mag 2 particles, as well as Mfr D-Mag 2, and the 1996 through 
2007 batches of Mfr D-Mag 1 test media all exhibited peak excitation at 380 nm.  The 
data summarized in Figure 22 correlated well with that gathered and reported by another 
researcher (Mazel, 2009). 
Three representative magnetic particle test media were chosen for further study.  
Experimental studies included UV-A and blue light exciters, so the 2008 batch of Mfr D-
Mag 1 was chosen because of its high excitation at 450 nm.  Mfr B-Mag 1 exhibited 
nearly constant excitation across a wide wavelength range, and had a strong response to 
blue light excitation.  All Mfr B-Mag 1 batches responded equally according to the 
spectrofluorometer, so the 2007 sample was arbitrarily chosen for further work.  The 
2002 batch of Mfr D-Mag 2 was chosen to represent low blue light excitation response.  
As shown in Figure 23, the 2002 batch fell slightly below the others for 450-nm 
excitation.  These six FPI and MPI test media samples therefore represented the variation 
noted across 190 samples, which greatly reduced the amount of experimental work 
required. 
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Figure 23: Individual normalized fluorescent excitation spectra for six batches of Mfr D-
Mag 2 gathered while monitoring for 550-nm light emission. 
 
EXCITER EMISSION SPECTRA 
 
Emission spectra from NDT Radiation Sources:  Knowing which wavelengths 
most efficiently electronically excite a fluorescent test medium is key to predicting which 
excitation source is optimal.  An optimal excitation source emission spectrum would 
closely match with the fluorescent excitation peak of a test medium.  Historically, the 
filtered mercury vapor lamp has been viewed as the optimal source against which others 
were compared.  From the fluorescent excitation work above, one would expect that the 
365-nm peak emission from a mercury vapor lamp would match favorably with the 
fluorescent excitation spectra of penetrant test media.  This same 365-nm peak would, 
however, be expected to be a less efficient exciter of some magnetic particle media. 
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Excitation sources utilized in this overall study included a filtered medium-
pressure mercury vapor lamp, a filtered short-arc mercury vapor lamp, two filtered micro-
power xenon lamp sources, a black light blue (BLB) phosphor-coated low-pressure 
mercury vapor fluorescent tube-based exciter, a selection of ultraviolet light-emitting 
diode (UV-LED) sources, and two blue-light-emitting diode sources (Table 1).  The 
characteristic emission spectrum from each exciter was expected to vary, sometimes 
dramatically, between each blue light and ultraviolet radiation source.  A smaller 
selection of exciters, as indicated in the right column of Table 1, was selected for detailed 
experimental work.  This smaller selection represented the variety of exciters available 
for NDT. 
 
Table 1: Trade name, manufacturer, source type, and power source for each exciter. 
Exciter Company Source AC / Battery Included in 
Luminance Study? 
ZB-100F ITW Magnaflux, 
Glenview, IL 
100W mercury 
vapor 
AC only Yes 
PH135 
Spotlight 
Labino AB, Solna 
Sweden 
35W MPXL AC only  
PH135 
Midlight 
Labino AB, Solna 
Sweden 
35W MPXL AC only Yes 
ALS-
UV2000U 
Olympus Inspection & 
Maintenance Systems, 
Waltham, MA 
100W mercury 
short arc 
AC only  
Neolectron Johnson & Allen Ltd., 
Smithfield, Sheffield, 
U.K. 
UV-LED AC and 
Battery 
Yes 
UVT-365 Johnson & Allen Ltd., 
Smithfield, Sheffield, 
U.K. 
UV-LED Battery only  
Mini-T Johnson & Allen Ltd., 
Smithfield, Sheffield, 
U.K. 
UV-LED Battery only  
XX-15A Spectronics, Westbury, 
NY 
BLB fluorescent AC only Yes 
Optimax 365 Spectronics, Westbury, 
NY 
UV-LED Battery  
Optimax 3000 Spectronics, Westbury, 
NY 
Blue light LED Battery Yes 
FL5000 BlueLine NDT, 
Bedford, MA 
Blue light LED Battery only  
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A polychromator spectrometer was used to characterize the ultraviolet and visible 
emission spectrum of each exciter.  This work utilized an Ocean Optics USB2000+ diode 
array polychromator spectrometer, which was coupled to a 0.000234-meter (230-micron) 
core extreme solarization-resistant optical fiber.  This charge-coupled device-based 
spectrometer was configured with a Sony ILX511 detector, UV2/OFLV-4 filter, L2 lens, 
10-micron slit, and a 600 mm-1 grating groove density. Such a configuration allowed for 
rapid collection of emission data over the range of 250 through 800 nanometers (nm), 
with a maximum sensitivity at 400 nm, and approximately 1.0-nanometer resolution. 
Emission spectra were gathered in relative irradiance mode, which canceled out 
much of the inherent electronic noise and system error associated with the spectrometer 
components and optical fiber.  An Ocean Optics deuterium tungsten halogen calibration 
standard and cosine corrector were unfortunately not available for this study.  A 
deuterium tungsten source would have been the preferred method for removing 
measurement error throughout the UV-A and visible light ranges, but a tungsten halogen 
lamp was used as a 2700-Kelvin blackbody radiator calibration source instead (Westcott 
100W Halogen Modeling Lamp Replacement Bulb 553).  This less desirable calibration 
source was expected to emit a blackbody spectrum throughout the visible light range, but 
was not expected to emit an appreciable amount of ultraviolet radiation.  The lack of 
ultraviolet emission was a concern, but this method was unavoidable due to budget 
constraints. 
While the spectrometer was corrected to offer relative irradiance measurements of 
the individual exciters, it could not be used to measure irradiance or illuminance.  Figure 
24 through Figure 26 illustrate the variety of exciter emission spectra, which were 
normalized with respect to their maxima.  Ultraviolet sources for NDT emit within the 
UV-A region, which lies between 315 and 400 nm.  Visible light sources were centered at 
approximately 450 nm, and emitted little radiation within the UV-A spectrum.   
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Figure 24: Plot of normalized relative irradiance from all exciters across the UV-A and 
visible light spectra captured with zero boxcar smoothing and 25-scan averaging. 
 
!"
!#$"
!#%"
!#&"
!#'"
!#("
!#)"
!#*"
!#+"
!#,"
$"
&!!" &(!" '!!" '(!" (!!" ((!" )!!" )(!" *!!" *(!" +!!"
-
./
0
12
34
56
"7
52
18
95
":/
/1
63
1;
<5
"=1
#>
#?
"
@19525;ABC"=;0?"
DED"F2>./5G<5;B"
H5/<>/I"J1K./"
H5/<>/I"LC./B"M/<"
HNOE"
PJQERST"-5.25<B/.;"
PJQERST"H3;3QU"
PJQERST"PJUQ&)("
PJQERST"VK801W"&)("
D2>5"ERST"VK801W"&!!!"
D2>5"ERST"FE(!!!"
 57 
 
Figure 25: Normalized relative irradiance from non-LED exciters captured with zero 
boxcar smoothing and 25-scan averaging. 
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Figure 26: Normalized relative irradiance from LED exciters captured with zero boxcar 
smoothing and 25-scan averaging. 
 
While the MPXL source emitted some violet visible light, it also emitted red 
visible light (Figure 24).  Leaked violet light is frequently mentioned in NDT literature 
and discussions, but leaked red light is not.  This red light emission was due to the 
transmission characteristics of a Wood’s glass filter that allowed higher wavelength light 
from the MPXL lamp to pass.  The reader will also note the difference in emission 
spectra between the UVT-365 UV-LED source and the Neolectron UV-LED source 
(Figure 26).  The Neolectron utilized a Wood’s glass filter to minimize visible light 
emission, while the UVT-365 does not.   
Filtering effects can be noted in other exciters as well.  Comparing the emission 
spectra of the FL5000 and Optimax 3000 sources in the 470 nm - 490 nm range (Figure 
26), one can note the effect of an internal dichroic filter that decreased the width of the 
FL5000 spectrum.  A discussion of the transmission spectra of safety glasses is presented 
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later in this chapter, which helps show that the FL5000 dichroic filtering reduces the 
amount of excitation light falling within the wavelength range in which test media 
fluoresce.  The minimization of interaction between spectra was designed to allow safety 
glasses filtering such that excitation energy could be blocked while relevant fluorescent 
emission wavelengths of a test indication would be transmitted to the inspector’s eyes. 
Evaluation of the relative irradiance plots allowed a comparison of the central 
emission wavelength of each light source.  The spectrometer had a resolution of 
approximately 1.0 nm, so the data were rounded to the nearest nanometer (Table 2).  This 
comparison also facilitated calculation of the exciter’s spectral width in terms of a full-
width-half-maximum (FWHM) value.  FWHM is simply the width of an emission line, in 
nanometers, at half the height of its peak.  For example, the historical standard mercury 
vapor exciter was centered at 365 nm with the narrowest FWHM of 2.6 nm, while the 
fluorescent BLB source was centered at 351 nm with the broadest FWHM of 37.5 nm. 
 
Table 2: Summary of the central emission wavelength and full-width-half-maximum 
(FWHM) for each exciter. 
 
  
The plots presented as Figure 24 through Figure 26 were normalized with respect 
to their maxima.  An exciter’s emission interacts with a test medium’s fluorescent 
excitation spectrum.  If one desires to predict the relative fluorescent luminance when a 
given test medium is excited by a variety of exciters, normalized data would not be 
useful, but rather calibrated spectra would be called for.  Chapter 4 will describe the 
Exciter Center (nm) FWHM (nm)
Magnaflux Mercury Vapor 365 2.6
Labino MPXL 372 36.3
Spectroline BLB 351 37.5
J&A Mini-T 367 7.4
J&A Neolectron 368 11
J&A UVT-365 371 14
Blueline NDT FL-5000 456 20.5
Spectroline Optimax 365 366 8.4
Spectroline Optimax 3000 453 19.3
Olympus ALS-2000U (UV) 366 9
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combined use of the Ocean Optics spectrometer and a radiometer to gather calibrated 
relative irradiance spectra used for predictions. 
 
 
TEST MEDIA FLUORESCENT EMISSION SPECTRA 
 
Fluorescent Emission Spectra:  The Hitachi F-2000 spectrofluorometer was 
used to measure the emission spectra of 190 fluorescent penetrant and magnetic particle 
samples.  These samples included 41 different products, and encompassed up to 13 
different production years of some individual products. A number of parameters could be 
varied for a given test, which included: excitation wavelength, emission scan wavelength 
range, integration time, photomultiplier tube voltage, wavelength resolution, and 
bandpass.   
Fluorescent emission scans irradiate the sample with a single wavelength of light, 
while scanning across a specified wavelength range for longer wavelength fluoresced 
light.  This study irradiated samples with 365-nm energy, while measuring the intensity 
of light emitted with a wavelength between 400 and 700 nm.  As described earlier in this 
chapter, samples were held within a PMMA cuvette. 
Fluorescent emission results for penetrant test media again showed that penetrants 
generally acted similarly.  With the exception of Mfr D-Pen 1, penetrant test media were 
shown to have peak fluorescent emission wavelengths between 499 and 518 nm (Figure 
27).  All penetrants chosen for further work (Mfr D-Pen 7, Mfr A-Pen 2, and Mfr B-Pen 
2) exhibited relatively small optical brightener emission peaks near 425 nm.  Mfr B-Pen 2 
exhibited peak emission at 499 nm.  Mfr A-Pen 2 peaked at 509 nm, and Mfr D-Pen 7 
peaked at 514 nm.  This summary paper will later discuss the effect of this small shift in 
peak emission when considering filtering eyewear for the inspector. 
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Figure 27: Average normalized fluorescent emission spectra for batches of penetrant 
sample media, where multiple batches were represented by a single data set. 
 
Variance in the relative intensity of an emission peak near 430 nm was obvious in 
Figure 27.  This variance was analyzed, and an inverse relationship between the 430-nm 
optical brightener’s fluorescent emission peak and the sensitivity level of the penetrant 
was noted.  Convention holds that the primary difference between penetrant sensitivity 
levels is the concentration of the more expensive cascading fluorophore.  Liquid 
penetrant test is classified by its test sensitivity, which ranges from the lowest Level #, to 
the very high sensitivity Level 4 penetrants.  
Test medium Mfr D-Pen 1, which was the lone Level # sensitivity water-
washable penetrant included in this study, had the only fluorescent emission spectrum in 
which its 430-nm optical brightener peak was higher than its 508-nm cascading 
fluorophore peak.  It seemed feasible that when cascading fluorophore concentration was 
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low, the emission peak of the optical brightener was more visible.  When concentration 
was high, essentially all of the optical brightener’s 430-nm fluorescent emission was 
absorbed by the cascading fluorophore and converted into 510-nm light.  A plot of 
penetrant sensitivity level versus 430-nm optical brightener peak height showed that the 
relative height of the optical brightener peak scaled inversely with cascading dye content 
(Figure 28).  It is feasible that the low sensitivity of this test medium equated to less of 
the expensive cascading dye, which then allowed the low-cost optical brightener to 
dominate the emission spectrum.   
 
 
Figure 28: Normalized height of the 425-nm optical brightener fluorophore peak noted in 
spectrofluorometry data versus penetrant sensitivity level. 
 
A trend in the location of the peak emission wavelength was also noted in Figure 
27 when peak fluorescent emission wavelength was analyzed versus penetrant type 
(Figure 29).  Post-emulsifiable (PE, also known as Method B, C, or D) penetrants 
generally had a shorter-wavelength peak emission compared to standard and 
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biodegradable water-washable (WW and WW-Bio, also known as Method A) penetrants.  
This difference was deemed statistically significant through the use of Student’s t-test 
analysis.  It seemed feasible that chemistry variations between PE and WW penetrant 
types caused this shift of fluorescent emission peaks.  Variation in fluorescent emission 
peak versus manufacturer and sensitivity level were not statistically significant.  Peak 
emission wavelength is important when considering the effect of filtering safety glasses, 
and shorter-wavelength fluorescent emission spectra would be affected (due to the len’s 
cut-on wavelength) to a greater extent than longer-wavelength spectra.  Future work on 
the effect of safety glasses should therefore concentrate on post-emulsifiable penetrants 
because their short-wavelength emission spectra would highlight filtering lens 
interaction. 
 
 
Figure 29: One-way statistical analysis plot of the peak fluorescent emission wavelength 
versus penetrant type, which revealed that post-emulsifiable (PE) penetrants 
generally had a shorter-wavelength emission peak than water-washable (WW) 
and biodegradeable water-washable (WW-Bio) penetrants. 
 
Surprisingly, fluorescent emission characteristics of magnetic particle test media 
exhibited less variance between products than penetrant media (Figure 30).  The general 
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shape of emission peaks was identical with the exception of that for Mfr B-Mag 1.  Also 
of interest was the small emission peak blue shifting (a shift to longer wavelengths) for 
the 2008 batch of Mfr D-Mag 1 with respect to other batches of the same product (Figure 
31).  Peak emission for the 1996 through 2007 batches of Mfr D-Mag 1 was positioned 
between 519 and 522 nm, while the 2008 batch peaked at 516 nm.  The reader will recall 
that this same batch of Mfr D-Mag 1 had an excitation spectrum greatly different than 
any other batch of the same medium.  The average of Mfr D-Mag 2 emission spectra 
exhibited a peak emission at 521 nm, while the average for Mfr B-Mag 1 was at 522 nm. 
 
 
Figure 30: Average normalized fluorescent emission spectra for batches of magnetic 
particle test media, where multiple batches may be represented by a single data 
set. 
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Figure 31: Individual normalized fluorescent emission spectra for batches of Mfr D-Mag 
1 magnetic particle samples. 
 
 
APPROXIMATING TRANSMISSION CHARACTERISTICS OF 
FILTERING SAFETY GLASSES 
 
Safety Glasses Transmission Spectra:  Fluorescent NDT inspections are 
performed with the aid of safety glasses to protect the operator from adverse health 
effects, and to increase an indication’s contrast ratio.  While photochromic and neutral 
density glasses are banned, longpass-filtering glasses, which may be clear or amber in 
color, are allowed.  Clear safety glasses are solely designed to block ultraviolet radiation 
while transmitting all visible light.  Amber glasses block ultraviolet radiation, but begin 
to transmit light at a longer wavelength than clear glasses.  The point at which the amber 
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lens begins to transmit, as well as the maximum transmittance, may vary significantly 
with manufacturer. 
Safety lens transmission spectra affect background luminance, as well as the 
luminance of fluorescing test media.  Full characterization of the transmittance of a 
curved safety lens would require the use of a spectrometer coupled to an integrating 
sphere.  An integrating sphere would capture all transmitted light regardless of the 
refracted angle caused by the curved safety lens.  Such a system was not available for this 
experimental work, so approximate transmission spectra were captured using equipment 
at hand. 
An unfiltered 35-watt MPXL lamp (Labino AB, Solna, Sweden) was utilized as a 
transmission source, as this lamp offered strong irradiance between 260 nm and 800 nm.  
The Ocean Optics polychromator spectrometer described above was also utilized; this 
time in transmission mode.  The spectrometer was set to a 3-millisecond integration time, 
150-scan averaging, and 1-nm boxcar averaging.  The radiation source and optical fiber 
were rigidly held during experimentation to avoid positioning error.   
Calibration of the spectrometer in transmission mode set transmittance to 100% 
for every wavelength point.  When a filter was introduced into the light path, its optical 
properties altered the spectral intensity of light reaching the detector.  Characteristic 
transmission spectra for each filter could be observed (Figure 32) based upon how they 
absorbed radiation from the MPXL lamp.  While spectra gathered in this manner were 
likely noisier than those that would be gathered using the preferred equipment, they 
compared favorably with information available from a lens manufacturer (Figure 18; 
Mazel and Goldberg, 2007).   
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Figure 32: Approximate transmission spectra for four different safety glass lens options; 
one typical clear lens, and three different amber lenses. 
 
With approximate safety glasses transmission curves, one can next consider the 
effect of glasses on the luminance of typical fluorescent test media.  For the purposes of 
this study, the filter cut-on wavelength will be defined as the 50% crossing point.  An 
overall summary of the filtering safety glasses used in this study is shown in Table 3.  
The amber Uvex lens appeared to have the highest maximum transmittance, while the 
BlueLine NDT amber lens appeared to have the lowest maximum transmittance and the 
longest cut-on wavelength.   
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Table 3: Safety glasses color, manufacturer, model number, and approximate cut-on 
wavelength. 
Lens 
Color 
Manufacturer Model 
Number 
Transmission 
Begin 
Cut-On 
Wavelength 
Clear Uvex (Fuerth, Germany) S3200 390 nm 401 nm 
Amber Uvex (Fuerth, Germany) S3202 409 nm 469 nm 
Amber BlueLine NDT (Bedford, MA) FG3 488 nm 513 nm 
Amber Spectronics/Spectroline 
(Westbury, NY) 
UVS-40 469 nm 501 nm 
 
It may be possible to utilize flat filters in future work to avoid measurement error 
caused by varying refraction through the curved safety lens surface.  If future researchers 
find that gently heating a safety glass lens while applying a flattening force appreciably 
changes transmission properties, one could simulate safety glasses with flat commercial 
lenses.  While not perfect matches, an Eastman Kodak Wratten #2A gel filter (Rochester, 
NY) has a transmission spectrum similar to the Uvex clear lens, and a Wratten #3 gel 
filter is most similar to the Uvex amber lens (Figure 33).  A Wratten #8 filter resembles 
the transmission spectrum of a Spectroline amber lens, and a Wratten #12 filter is similar 
to the BlueLine NDT lens. 
  
 69 
 
 
Figure 33: Transmission spectra for common Eastman Kodak Wratten gel filters with 
transmittance similar to the safety glasses (Eastman Kodak, 2009). 
 
Figure 34 through Figure 37 overlay transmission spectra of each filtering lens 
atop the fluorescent emission spectra of six typical penetrant and magnetic particle 
samples.  As shown in Figure 34, one would expect the cut-on wavelength for clear Uvex 
glasses to have no impact on indication luminance.  Figure 35 suggests that the cut-on 
wavelength for amber Uvex glasses would not have a significant effect on indication 
luminance, and a slight increase in maximum transmittance may offer an advantage over 
the clear lens.  The cut-on wavelengths of BlueLine NDT (Figure 36) and Spectroline 
amber glasses (Figure 37) would be expected to decrease the luminance of most test 
media, as well as cause a slight luminance reduction due to their lower transmittance. 
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Figure 34: Transmission spectrum of Uvex clear safety glasses overlaid by the 
fluorescent emission spectrum of six representative fluorescent test media. 
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Figure 35: Transmission spectrum of Uvex amber safety glasses overlaid by the 
fluorescent emission spectrum of six representative fluorescent test media. 
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Figure 36: Transmission spectrum of BlueLine NDT amber safety glasses overlaid by the 
fluorescent emission spectrum of six representative fluorescent test media. 
 
!"
!#$"
!#%"
!#&"
!#'"
("
!"
$!"
%!"
&!"
'!"
(!!"
)!!" )*!" %!!" %*!" *!!" **!" &!!" &*!" +!!" +*!"
,
-.
/
01
23
45
"6
17
-.
48
94
:;
"<
/
28
82
-:
"
=4
.9
4:
;"
>.
0:
8/
2?
0:
94
"
@0A414:B;C"D:/E"
F/G4."H174I2:4",J>"
<KL"KM."HN=4:"$"
<KL"KM."FN=4:"$"
<KL"KM."JN=4:"+"
<KL"KM."HNK0B"("
<KL"KM."JNK0B"$"
<KL"KM."JNK0B"("
 73 
 
Figure 37: Transmission spectrum of Spectroline amber safety glasses overlaid by the 
fluorescent emission spectrum of six representative fluorescent test media. 
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CHAPTER 3:  CHARACTERIZING EXCITERS 
 
DETERMINING a(Z) SPECTRAL CORRECTION FACTORS FOR 
RADIOMETRIC SENSORS 
 
Radiometry and photometry are important aspects of nondestructive evaluation.  
Specifications that many companies follow often mandate minimum and maximum 
lighting levels.  A common misconception within the NDT community is that one can 
obtain accurate measurements of any exciter by using a calibrated light meter.  As 
discussed in Chapter 1, this is not the case, and measurement error is often significant. 
The need for correction factors in NDT was glaringly apparent when widely varying 
illuminance readings were obtained with seven calibrated luxmeters while attempting to 
characterize leaked visible light from a UV-A source (Airworthiness Notice #95, 2002). 
Solely changing the brand of luxmeter in this work caused illuminance values to vary 
from 3 lux (0.3 fc) to 86 lux (8 fc). 
Further evidence is easily available if one has access to at least two brands of 
radiometers on the shop floor for inter-comparison.  For example an uncorrected 
irradiance measurement of a BLB-based source with a low-cost radiometer may be 21 
W·m-2 (2100 µW!cm-2), while a corrected (absolute) irradiance measurement of the same 
source with a high-quality radiometer may be 33 W·m-2 (3300 µW!cm-2).    It should be 
apparent to the reader that this error could, at times, be large enough to play a role in 
standards compliance.  
The majority of radiometers used in domestic NDT are calibrated with a mercury 
vapor source.  When such meters are used to evaluate mercury vapor sources, they would 
be expected to be completely accurate.  However, when such meters are used to evaluate 
a fluorescent BLB exciter, MPXL source, or UV-LED exciter, accurate readings cannot 
be expected.  Some high-quality radiometers are calibrated using traceable, but low-
irradiance, calibration sources.   
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The primary meter used for this thesis was calibrated by irradiance and visible 
light sources traceable to the Physikalisch-Technische Bundesanstalt (PTB), which is the 
German equivalent of America’s National Institute for Standards and Technology 
(NIST).  This special calibration source has an emission spectrum that is dramatically 
different than any NDT exciter.  Special correction factors were therefore required to 
advance from an uncorrected meter reading to a corrected absolute measurement. 
A low-cost polychromator spectrometer was utilized to gather exciter emission 
spectra in relative irradiance mode, so the precision of correction factors calculated below 
is not optimal.  A polychromator working in calibrated absolute irradiance mode would 
offer some improvement, but much higher precision would be expected if spectra were 
obtained using a double-monochromator spectroradiometer.  In spite of these limitations, 
these a(Z) spectral correction values are better than using none at all.   
As outlined in Chapter 1 (Equation 9), radiometer readings are divided by an a(Z) 
correction factor.  Correction factors summarized here apply only to the integral sensors 
and exciters utilized.  The reader is cautioned that these correction factors cannot be 
transferred to another brand of sensor, to a sensor calibrated using another type of source, 
or even necessarily to another sensor of the same type due to slight inter-sensor 
variability. 
A large Microsoft Excel spreadsheet facilitated calculation of these factors by 
incorporating: actual sensor spectral responsivity, ideal spectral responsivity (or action 
spectrum), calibration source emission spectrum, and the actual emission spectrum of a 
given exciter.  One challenging aspect was that data sets often had varying resolution.  
For example, polychromator spectrometer data had ~0.3-nm resolution, while sensor 
spectral responsivity had 10-nm resolution.  The statistics program JMP (SAS Inc., Cary, 
NC) was used to determine least-squares regression spline fit parameters for lower-
resolution data sets as necessary.  These parameters were then used to increase the 
number of data points without sacrificing the integrity of the data.  Each of the original 
data points acted as a knot point, and additional data points were calculated with a 
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polynomial equation (Y = A + B!X + C!X2 + D!X3) dictated by the JMP-calculated 
coefficients.    
As previously shown (Figure 24), the various exciters included in this study had 
dramatically different emission spectra.  As expected, these spectra played a strong role 
in the magnitude of the correction factor.  Plots illustrating of the basis of these correction 
factors for the Johnson & Allen Neolectron UV-LED exciter were provided as examples 
in Figure 38 through Figure 40 below.  The reader can readily see that the emission 
spectrum for this UV-LED source is dramatically different than those of the calibration 
sources, and consequently spectral mismatch correction factors are needed.  Calculated 
a(Z) spectral correction factors for the UV-A, photometric, radiometric visible light 
sensor, and ACGIH ultraviolet hazard sensors were summarized in Table 4.  These 
factors were for radiometric sensors that approached ideal responsivity, and for a high 
quality photometric sensor with a f1’ of 2.29% (Equation 4). 
 
 
Figure 38: An a(Z) spectral mismatch correction factor of 1.033 was calculated for the 
application of measuring a Johnson & Allen Neolectron exciter with a Gigahertz-
Optik radiometric UV-A sensor that was calibrated with a PTB-traceable multi-
spectrum lamp. 
 
 78 
 
Figure 39: An a(Z) spectral mismatch correction factor of 1.09 was calculated for the 
application of measuring a Johnson & Allen Neolectron exciter with a Gigahertz-
Optik photometric sensor that was calibrated with a PTB-traceable tungsten 
halogen lamp. 
 
 
Figure 40: An a(Z) spectral mismatch correction factor of 0.1076 was calculated for the 
application of measuring a Johnson & Allen Neolectron exciter with a Gigahertz-
Optik radiometric visible light sensor that was calibrated with a PTB-traceable 
tungsten halogen lamp. 
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Table 4: Summary of the a(Z) spectral mismatch correction factors calculated for each 
exciter/sensor combination based upon exciter emission spectra gathered with a 
polychromator spectrometer operating in relative irradiance mode. 
 
The physical consequence of measurement error can be considered with the 
factors in Table 4.  If the Gigahertz-Optik sensor returned a UV-A irradiance value of 10 
W!m-2 (1000 µW!cm-2) for a Labino MPXL-based source, the absolute irradiance would 
be close to that value at 9.95 W!m-2 (995 µW!cm-2).  This would equate to an error of 
approximately 0.5%.  If the Gigahertz-Optik sensor returned a UV-A irradiance value of 
10 W!m-2 (1000 µW!cm-2) for a BLB fluorescent tube source, the absolute irradiance 
would actually be 9.34 W!m-2 (934 µW!cm-2), which would equate to an error of 
approximately 6.6%.  Similarly, if the Gigahertz-Optik photometric sensor returned a 
visible light measurement of 21.53 lux (2 fc) for a Labino MPXL-based source, the 
corrected illuminance would actually be 17.44 lux (1.62 fc), which would equate to an 
error of almost 24%. 
Visible light sensor correction factors are also of interest to the question regarding 
whether a photometric or radiometric sensor should be used to measure leaked visible 
light from an ultraviolet exciter.  With proper correction factors, the amount of visual 
stimulus produced in the average human eye (illuminance) can be accurately measured 
with an integral sensor.  Unfortunately, the NDT community is largely unaware of 
spectral mismatch correction factors.  The vast majority of NDT radiometers do not 
approximate a flat radiometric response (and are therefore more prone to mismatch 
error), and many NDT radiometers and luxmeters are calibrated to sources far different 
than those used on the shop floor.   
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Estimates of the spectral responsivity of budget sensors, based upon reviewed 
literature and discussions with vendors, may be made according to the above procedure 
which allows one to estimate the required correction factors for applications common 
within the NDT community.  For example, measuring an MPXL source with a budget 
sensor that was calibrated with a mercury vapor lamp would require a spectral mismatch 
correction factor of approximately 0.65.  In other words, if the budget sensor returned a 
UV-A irradiance value of 10 W!m-2 (1000 µW!cm-2) for an MPXL source, the absolute 
irradiance would actually be 15.38 W!m-2 (1538 µW!cm-2).  Such error would obviously 
not cause insufficient irradiance to be accepted, but it could cause an exciter user to 
change lamps before it was actually necessary. 
Measurement accuracy is not possible without an intimate knowledge of the 
sensor’s spectral responsivity, and this level of detail is not freely available from all 
meter manufacturers.  Given the possibility that future NDT standards could allow blue 
light excitation, the NDT community should begin to explore the use of radiometric 
visible light sensors to properly evaluate blue light excitation irradiance.  Such 
radiometric sensors can also be used to evaluate the amount of visible light leaked from 
an ultraviolet source, as will be discussed in the following section.  As one may note by 
the correction factors summarized in Table 4, a substantial amount of correction is 
required for accurate photometric measurement of blue light exciters.  The combination 
of low quality sensors and a lack of correction factors should be avoided if possible. 
 
 
 
 
 81 
MEASURING EXCITER IRRADIANCE, ILLUMINANCE, 
RADIOMETRIC VISIBLE LIGHT EMISSION, AND ACGIH-WEIGHTED 
EFFECTIVE IRRADIANCE 
  
Exciter Evaluation with Integral Sensors:  The typical NDT practitioner does 
not have access to an extremely expensive double-monochromator spectroradiometer, 
and will instead utilize integral sensors for radiometric and photometric needs.  As 
discussed in Chapter 1, not all integral sensors are created equal.  Understandably, 
companies trend toward economy, and budget sensors are generally used on the shop 
floor.   
Spectral mismatch correction factors can be obtained for even the lowest cost 
sensors, provided the manufacturer makes detailed information available to the end user.  
When correction factors are not utilized, and any sensor is used to evaluate a type of light 
source not used for meter calibration, measurement accuracy suffers.  This section will 
discuss a series of comparative measurements made with two radiometers/luxmeters on a 
variety of exciters. 
A Gigahertz-Optik (Newburyport, MA) X11 optometer (radiometer) was coupled 
to a UV-3701-4 UV-A radiometric detector, and an XD-9510 ACGIH-weighted effective 
irradiance detector; and coupled to an RW-3703-4 radiometric visible light detector, and 
a VL-3701-4 photometric detector.  An older, yet still common, Spectroline (Spectronics 
Corp., Westbury, NY) DSE-100X was coupled to a DIX-365A radiometric UV-A 
detector, and coupled to a DIX-555A photometric sensor. 
Representative types of exciters were included in this experiment: a mercury 
vapor source, an MPXL source, a BLB fluorescent source, two UV-LED sources, and a 
blue light LED source.  Individual sources included, respectively, a Magnaflux (Chicago, 
IL) ZB-100F, a Labino (Solna, Sweden) PH135 Midlight, a Spectroline XX-15A 
(Spectronics Corp., Westbury, NY), a Johnson & Allen Neolectron (Sheffield, U.K.), a 
Johnson & Allen Mini-T, and a Spectroline Optimax 3000.  Exciters were positioned at 
select distances (0.076 to 0.381 m) from the sensors using optics table hardware.  Spacers 
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were used to compensate for inter-sensor height differences so that a given setup was 
fairly evaluated by all sensors. 
The manufacturer provided spectral responsivity data for all Gigahertz-Optic 
sensors, as well as spectral irradiance data for each calibration source.  These data 
facilitated the correction of relative irradiance of ultraviolet and visible light sources to 
absolute irradiance (W!m-2), and the correction of relative illuminance of visible light 
sources to absolute illuminance (lux).  No information was available for the Spectroline 
unit, so only the actual meter readings were reported.  These actual meter readings were 
expected to be representative of the typical radiometer/luxmeter found in NDT inspection 
booths. 
Table 5 provides the absolute UV-A irradiance (UV-A), absolute visible light 
irradiance (RW), absolute illuminance (Photometric), and corrected ACGIH effective 
irradiance values obtained with the Gigahertz-Optik optometer.  Also provided are 
relative irradiance (UV-A) and illuminance (Photometric) readings obtained with the 
Spectroline unit for several exciter options.  The reader will note that a spectral mismatch 
correction factor of approximately 0.71 was required to correct radiometric Spectroline 
readings of MPXL irradiance, which was quite close to the 0.65 factor estimated earlier 
in this chapter.  While the meters often read differently, bivariate relationships between 
measurements indicated a strong positive correlation (Table 6). 
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Table 5: Absolute irradiance, absolute illuminance, and effective irradiance levels were 
obtained with a Gigahertz-Optik optometer, which were compared to readings 
obtained with a Spectroline radiometer/luxmeter. 
Exciter Gigahertz-Optik X11 Spectroline DSE-100X 
 UV-A 
(W!m-2) 
RW 
(W!m-2) 
Photometric 
(lux) 
ACGIH Eff. Irrad. 
(W!m-2) 
UV-A 
(W!m-2) 
Photometric 
(lux) 
Mercury Vapor 10.39 3.00 0.10 0.068 10.5 1.08 
 20.64 2.24 0.32 0.153 23.8 3.23 
 36.26 3.68 0.53 0.260 37.9 5.38 
 51.34 5.24 0.78 0.373 52.0 8.61 
       
MPXL 35.87 16.24 1.12 0.137 25.3 9.69 
 73.43 29.14 2.09 0.288 53.45 13.99 
 75.15 31.24 2.33 0.306 58.5 15.07 
       
BLB Fluorescent 3.80 0.17 0.15 0.016 2.90 1.08 
 15.99 0.66 0.64 0.070 11.00 3.23 
 32.96 1.18 1.18 0.143 21.00 6.46 
       
Neolectron 16.37 0.67 0.17 0.120 15.40 2.15 
 25.89 1.15 0.29 0.190 25.30 4.30 
 29.47 1.17 0.31 0.216 29.00 5.38 
       
Mini-T 79.47 5.86 5.10 0.544 78.00 21.52 
       
Optimax 3000 0.02 21.31 947.06 N/A 0.00 546.80 
 0.33 35.63 1572.32 N/A 0.00 964.45 
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Table 6: Bivariate correlation coefficients between corrected Gigahertz-Optic integral 
sensor measurements, and uncorrected Spectroline (DSE) measurements. 
Magnaflux ZB-100F: Mercury Vapor 
 
UV-A RW Photo 
ACGIH 
UV-A 
ACGIH 
B/C ACGIH Total 
DSE 
UV-A 
DSE 
Photo 
UV-A 1.0000        
RW 0.8705 1.0000       
Photo 0.9968 0.8356 1.0000      
ACGIH UV-A 0.9995 0.8573 0.9989 1.0000     
ACGIH B/C 0.9732 0.8914 0.9742 0.9746 1.0000    
ACGIH Total 0.9995 0.8577 0.9989 1.0000 0.9749 1.0000   
DSE UV-A 0.9972 0.8317 0.9993 0.9988 0.9663 0.9988 1.0000  
DSE Photo 0.9961 0.8611 0.9978 0.9976 0.9868 0.9977 0.9952 1.0000 
Labino Midlight: MPXL 
 
UV-A RW Photo 
ACGIH 
UV-A 
ACGIH 
B/C ACGIH Total 
DSE 
UV-A 
DSE 
Photo 
UV-A 1.0000        
RW 0.9959 1.0000       
Photo 0.9899 0.9987 1.0000      
ACGIH UV-A 0.9976 0.9998 0.9973 1.0000     
ACGIH B/C 0.9820 0.9604 0.9452 0.9666 1.0000    
ACGIH Total 0.9982 0.9995 0.9966 1.0000 0.9689 1.0000   
DSE UV-A 0.9947 0.9999 0.9992 0.9994 0.9573 0.9991 1.0000  
DSE Photo 0.9885 0.9981 1.0000 0.9965 0.9420 0.9957 0.9988 1.0000 
Spectronics XX-15A: BLB Fluorescent 
 
UV-A RW Photo 
ACGIH 
UV-A 
ACGIH 
B/C ACGIH Total 
DSE 
UV-A 
DSE 
Photo 
UV-A 1.0000        
RW 0.9975 1.0000       
Photo 0.9974 1.0000 1.0000      
ACGIH UV-A 1.0000 0.9978 0.9976 1.0000     
ACGIH B/C 0.9997 0.9988 0.9987 0.9998 1.0000    
ACGIH Total 1.0000 0.9978 0.9977 1.0000 0.9998 1.0000   
DSE UV-A 0.9994 0.9993 0.9992 0.9996 0.9999 0.9996 1.0000  
DSE Photo 0.9998 0.9958 0.9956 0.9997 0.9990 0.9997 0.9985 1.0000 
 Johnson & Allen Neolectron: UV-LED 
 
UV-A RW Photo 
ACGIH 
UV-A 
ACGIH 
B/C ACGIH Total 
DSE 
UV-A 
DSE 
Photo 
UV-A 1.0000        
RW 0.9725 1.0000       
Photo 0.9930 0.9932 1.0000      
ACGIH UV-A 1.0000 0.9718 0.9926 1.0000     
ACGIH B/C 0.9625 0.9992 0.9879 0.9617 1.0000    
ACGIH Total 1.0000 0.9720 0.9927 1.0000 0.9620 1.0000   
DSE UV-A 1.0000 0.9728 0.9931 1.0000 0.9629 1.0000 1.0000  
DSE Photo 0.9977 0.9547 0.9828 0.9980 0.9422 0.9979 0.9977 1.0000 
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The Spectroline UV-A sensor was likely calibrated with a mercury vapor source.  
This meant that the Spectroline meter readings for UV-A irradiance of a mercury vapor 
source would inherently be absolute irradiance.  As expected, the two meters correlated 
well for UV-A measurements on the mercury vapor source.  Accuracy of the Spectroline 
unit was not as good, however, when evaluating illuminance, or other types of exciters.  
Photometric luminance measurements, for example, were estimated to vary (relative 
versus absolute) by as little as 39%, or as much as 1636%.   
UV-A measurements for non-mercury vapor sources were estimated to vary by as 
little as 2%, and as much as 57%. At the time of experimentation, the Spectroline unit 
was overdue for calibration, which may have played a role in the variance between 
meters.  Calibration scheduling was, unfortunately, not under the control of the author.  
Given the match between meters for mercury vapor irradiance, however, a fresh 
calibration would not be expected to compensate for the largest measurement differences. 
The amount of leaked visible light emitted by UV-A exciters varied considerably, 
but was always below the limit allowed by NDT specifications (21.5 lux).  For 
comparison purposes, the UV-A output (absolute UV-A irradiance) may be compared to 
the amount of visible light output (absolute illuminance).  The historical standard 
mercury vapor source emitted 66 W!m-2!lux-1.  The MPXL source emitted 33.2 W!m-
2!lux-1, and the BLB fluorescent source emitted 26.2 W!m-2!lux-1.  The two UV-LED 
sources emitted 93.6 W!m-2!lux-1 (Neolectron), and 13.6 W!m-2!lux-1 (Mini-T) 
respectively. 
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EXCITER IRRADIANCE VERSUS POSITION, STABILIZATION TIME, 
AND BATTERY LIFE 
 
 Irradiance Versus Position, Warm-Up Time, and Useful Battery Life:  
Irradiance area was evaluated for each exciter by traversing an integral sensor across an 
X-Y plane in 0.0127 m (0.5 inch) steps at a distance of 0.381 m (15 inches) from the 
source.  UV-A exciters were measured with a radiometric ultraviolet sensor, and the blue 
light exciters were measured with a radiometric visible light sensor.  Many industrial 
NDT standards require that UV-A exciters emit at least 10 W!m-2 (1000 µW!cm-2) at 
0.381 m (15 inches) from the front face of the filter.  Because no industrial standard 
currently accepts blue light exciters, there is presently no minimum irradiance level 
guidance.  Therefore, the same 10 W!m-2 (1000 µW!cm-2) at 0.381 m (15 inches) was 
carried over from UV-A sources to blue LED exciters. 
A Gigahertz-Optik X11 optometer (radiometer) was coupled to a UV-3701-4 
UV-A radiometric detector for ultraviolet sources, and coupled to an RW-3703-4 
radiometric light detector for visible light sources.  The high quality sensors 
approximated top hat responsivity between 315 and 400 nm for UV-A, and between 400 
and 800 nm for the radiometric visible light detector.  An optical bench plate with 
0.0254-m (1-inch) hole spacing provided the means for holding the exciter, as well as 
offered a means for repeatable data collection spacing.  Data was collected every 0.0127-
m (0.5 inch) across a 0.254 m by 0.254 m (10 inch by 10 inch) vertical grid, with an 
initial point in the upper left corner.  Each scan required approximately 20 minutes, so 
time-varying irradiance of battery-powered exciters could have reduced the area 
measurement. 
Irradiance area data were plotted in Microsoft Excel, and then exported as an 
image file.  This image was imported into Adobe Photoshop to facilitate alteration of the 
color palette.   Useful irradiance area (greater than, or equal to 10 W!m-2) was turned 
black, while the remainder of the image was turned white.  This image was next imported 
into the image analysis software package ImageJ (National Institutes of Health, Bethseda, 
MD, http://rsbweb.nih.gov/ij/), where it was “thresholded” to purely black and white, and 
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then analyzed for measurement.  ImageJ was used to measure the total image area in 
pixels, as well as the useful irradiance area.  The true area of the irradiance scan was 
known, so the area receiving an absolute irradiance of 10 W!m-2 or greater for each 
exciter could easily be calculated. 
The Gigahertz-Optik radiometer was capable of irradiance data collection at 
preferred time intervals, which facilitated the collection of cursory warm-up and 
irradiance stability data for each exciter.  An integral sensor was positioned at the point of 
highest irradiance within the area pattern at 0.381 m (15 inches) from the source.  
Irradiance data were then collected with a time interval between 0.5 seconds and 5 
seconds.  Warm-up data included the initial power-up, and this information was used to 
estimate the amount of time required for a source to stabilize.  Longer-term irradiance 
data were also collected for battery-powered sources to estimate the amount of time that a 
fully charged battery would emit an absolute irradiance of 10 W!m-2 or greater.  Long-
term data would not be relevant for AC-powered exciters, and therefore such data were 
not gathered. 
Each exciter will be discussed in arbitrary order.  First will be the BlueLine NDT 
FL5000 blue light LED source, which was the only unit powered by common 
commercially available batteries.  This source held two dichroically filtered LEDs: the 
first was used only in continuous mode, while the second LED was used for the exciter’s 
novel stroboscopic mode (~10 Hz).  The FL5000 stabilized within 5 seconds (Figure 41, 
left), provided greater than 10 W!m-2 for 9 hours and 45 minutes (Figure 41, right), and 
covered an area of 0.005 m2 with an absolute irradiance of 10 W!m-2 or greater (Figure 
42).  
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Figure 41: BlueLine NDT FL5000 blue light LED exciter reached stable irradiance 
within 5 seconds (left), and provided 9 hours and 45 minutes of useful life 
(absolute irradiance greater than 10 W!m-2, right). 
 
 
Figure 42: BlueLine NDT FL5000 blue light LED exciter irradiance area, where absolute 
irradiance was 10 W!m-2 or greater, was measured to be 0.00495 m2 at a distance 
of 0.381 m from the source when the data (left) was thresholded and analyzed 
(right). 
 
Three UV-LED exciters were obtained from Johnson & Allen for evaluation.  The 
first, a UVT-365 exciter, was a battery-powered flashlight that contained 41 UV-LEDs.  
Irradiance from this exciter stabilized within 5 seconds (Figure 43, left), however, it 
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provided an absolute irradiance of greater than 10 W!m-2 for only 14 minutes (Figure 43, 
right).  This low useful time was repeated with a fully charged back-up battery cell 
provided with the unit, and was assumed to be representative.  Long-term irradiance data 
suggested that the irradiance was designed to stabilize at a level to be held for over 1 
hour, but experimentation showed that this stable level was lower than desirable.  The 
UVT-365 source covered an area of 0.0029 m2 with an absolute irradiance of 10 W!m-2 
or greater (Figure 44).   
 
  
Figure 43: Johnson & Allen UVT-365 UV-LED exciter reached stable irradiance within 5 
seconds (left), and provided 14 minutes of useful life (absolute irradiance greater 
than 10 W!m-2, right). 
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Figure 44: Johnson & Allen UVT-365 UV-LED exciter irradiance area, where absolute 
irradiance was 10 W!m-2 or greater, was measured to be 0.0029 m2 at a distance 
of 0.381 m from the source when the data (left) was thresholded and analyzed 
(right). 
 
The Johnson & Allen Neolectron was an impressively designed unit that could be 
powered by AC or battery, and held a single Wood’s glass-filtered UV-LED source.  
Irradiance from this exciter stabilized in 35 to 40 seconds (Figure 45, left), and it 
provided greater than 10 W!m-2 for 1 hour and 1 minute (Figure 45, right).  Irradiance 
from the Neolectron was exceptionally stable with time, rivaling all other exciters 
whether powered by AC or battery.  This unit also alerted the operator of an impending 
low battery, by flickering and emitting an audible beep, as the battery reserves 
approached the point where it approached the 10 W!m-2 specification minimum 
irradiance.  The Neolectron source covered an area of 0.0068 m2 with an absolute 
irradiance of 10 W!m-2 or greater (Figure 46). 
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Figure 45: Johnson & Allen Neolectron UV-LED exciter reached stable irradiance in 35 
to 40 seconds (left), and provided 1 hour and 1 minute of useful life (absolute 
irradiance greater than 10 W!m-2, right). 
 
  
Figure 46: Johnson & Allen Neolectron UV-LED exciter irradiance area, where absolute 
irradiance was 10 W!m-2 or greater, was measured to be 0.0068 m2 at a distance 
of 0.381 m from the source when the data (left) was thresholded and analyzed 
(right). 
 
The third Johnson & Allen exciter, the Mini-T, was a compact unit holding a 
single UV-LED source.  Irradiance from this exciter stabilized within 5 seconds (Figure 
47, left), and it provided greater than 10 W!m-2 for 6 hours and 29 minutes (Figure 47, 
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right).  This useful battery life was impressive, and should suffice for a complete working 
shift of an inspector.  This exciter provided a substantial amount of initial irradiance 
(Figure 47), although the unit lacked the stabilization ability of the other two Johnson & 
Allen exciters.  The Mini-T source covered an area of 0.0027 m2 with an absolute 
irradiance of 10 W!m-2 or greater (Figure 48). 
 
 
Figure 47: Johnson & Allen Mini-T UV-LED exciter reached stable irradiance in less 
than 5 seconds (left), and provided 6 hours and 29 minutes of useful life 
(absolute irradiance greater than 10 W!m-2, right). 
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Figure 48: Johnson & Allen Mini-T UV-LED exciter irradiance area, where absolute 
irradiance was 10 W!m-2 or greater, was measured to be 0.0027 m2 at a distance 
of 0.381 m from the source when the data (left) was thresholded and analyzed 
(right). 
 
The next exciter evaluated was the historical standard mercury vapor source, 
which contained a 100-watt parabolic lamp.  Irradiance from the Magnaflux ZB-100F 
source stabilized 5 minutes and 21 seconds (Figure 49) after startup.  Startup time was 
likely a period where a high-voltage arc passing between electrodes vaporized condensed 
mercury to form a plasma.  This exciter covered an area of 0.0176 m2 with an absolute 
irradiance of 10 W!m-2 or greater (Figure 50).  The mercury vapor lamp had nearly twice 
the stabilization time of the next slowest source. 
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Figure 49: Magnaflux ZB-100F mercury vapor exciter reached stable irradiance in 5 
minutes and 21 seconds. 
 
  
Figure 50: Magnaflux ZB-100F exciter irradiance area, where absolute irradiance was 10 
W!m-2 or greater, was measured to be 0.0176 m2 at a distance of 0.381 m from 
the source when the data (left) was thresholded and analyzed (right). 
 
Two AC-powered Labino exciters were evaluated, where switching parabolic 
reflectors changed a midlight into a spotlight source.  This source contained a 35-watt 
MPXL lamp, which stabilized within 32 to 36 seconds (Figure 51) of startup.  It was not 
clear whether the irradiance drop-off noted in the data was caused by a shifting hot-spot 
(due to thermal expansion of the lamp), or was a real effect caused by vaporization of the 
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metallic salts (through which the arc is passed, similar to the function of mercury in a 
mercury vapor lamp) contained within the lamp.  The midlight covered an area of 
0.00495 m2 with an absolute irradiance of 10 W!m-2 or greater (Figure 52), which was 
nearly twice as large as that of the mercury vapor lamp.  The spotlight covered an area of 
0.01355 m2 with an absolute irradiance of 10 W!m-2 or greater (Figure 53), and this 
exciter was found to emit the highest peak irradiance of any evaluated. 
 
 
Figure 51: Labino spotlight/midlight MPXL-based exciter reached stable irradiance 32 to 
36 seconds after start-up. 
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Figure 52: Labino midlight exciter irradiance area, where absolute irradiance was 10 
W!m-2 or greater, was measured to be 0.03293 m2 at a distance of 0.381 m from 
the source when the data (left) was thresholded and analyzed (right). 
 
  
Figure 53: Labino spotlight exciter irradiance area, where absolute irradiance was 10 
W!m-2 or greater, was measured to be 0.0135 m2 at a distance of 0.381 m from 
the source when the data (left) was thresholded and analyzed (right). 
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Three exciters from the Spectronics Corporation were evaluated.  First was a 
Spectroline XX-15A fluorescent exciter.  While this type of radiation source is generally 
not used for final NDT inspection, such lamps are common at ceiling height along an 
inspection line.  While this exciter held two BLB fluorescent tubes, the irradiance from 
this source did not meet minimum specification requirements at 0.381 meters, and it 
therefore had no useful irradiance area.  Irradiance from this exciter stabilized in 2 
minutes and 25 seconds (Figure 54).  As with the previous two arc lamps, this warm-up 
time was likely spent vaporizing condensed mercury into a plasma.  Irradiance was quite 
stable after this initial warm-up period.   
 
 
Figure 54: Spectroline XX-15A BLB fluorescent-based exciter reached stable irradiance 
in 2 minutes and 25 seconds. 
 
A Spectroline Optimax 365 exciter, which contained a single UV-LED, was 
included in this study.  The Optimax 365 stabilized within 5 seconds (Figure 55, left) of 
startup, and provided greater than 10 W!m-2 for 1 hour and 8 minutes. This exciter was 
equipped with a green/red indicator light near the switch.  This light not only indicated 
charge state when connected to AC power, but also visually alerted the user that the end 
of the useful battery life was approaching.  This indicator light color change (from green 
to red) occurred approximately 9 minutes prior to the point where the 10 W!m-2 minimum 
irradiance in specifications was no longer emitted (according to timed radiometer data).  
The actual useful time for this exciter was 1 hour and 21 minutes (Figure 55, right).
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Figure 55: Spectroline Optimax 365 UV-LED exciter (with diffusing lens) reached stable 
irradiance in less than 5 seconds (left), and provided 1 hour and 8 minutes of 
useful life (absolute irradiance greater than 10 W!m-2, right). 
 
The Optimax 365 exciter can be operated on battery, or while connected to AC 
power.  While powered with AC, the irradiance seemed to fall from a fully charged level 
to a lower, but more stable, level.  AC power was used for X-Y irradiance measurements 
with this source.  An optional accessory with this exciter was a diffusing lens that slid 
into place over the emitting end of the source.  Without the diffusing lens this source 
covered an area of 0.0020 m2 with an absolute irradiance of 10 W!m-2 or greater (Figure 
56), but the coverage area was only increased to 0.0021 m2 with the lens in place (Figure 
57).  As shown, absolute irradiance without the diffusing lens had a maximum of 90 
W!m-2, and the maximum with the lens was less than half of that value while the increase 
in irradiance area was negligible.  Given the measured decrease in irradiance, it is 
possible that the 0.0127 m (0.5 inch) X-Y data resolution was too coarse to properly 
observe the effect caused by the diffusing lens. 
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Figure 56: Spectroline Optimax 365 exciter irradiance area without diffusing lens, where 
absolute irradiance was 10 W!m-2 or greater, was measured to be 0.0020 m2 at a 
distance of 0.381 m from the source when the data (left) was thresholded and 
analyzed (right).  
 
  
Figure 57: Spectroline Optimax 365 exciter irradiance area with diffusing lens, where 
absolute irradiance was 10 W!m-2 or greater, was measured to be 0.0021 m2 at a 
distance of 0.381 m from the source when the data (left) was thresholded and 
analyzed (right). 
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The final Spectronics product was a Spectroline Optimax 3000 exciter, which 
contained a single blue LED.  The Optimax 3000 stabilized within 5 seconds (Figure 58, 
left) of startup, and it provided greater than 10 W!m-2 for 3 hours and 40 minutes (Figure 
58, right). As with the Optimax 365, the Optimax 3000 exciter could be operated on 
battery, or while connected to AC power.  This source covered an area of 0.0065 m2 with 
an absolute irradiance of 10 W!m-2 or greater (Figure 59).  Initial irradiance with a freshly 
charged battery was quite high, but as with most battery-powered exciters, irradiance 
decreased continuously with usage time. 
 
  
Figure 58: Spectroline Optimax 3000 blue light LED exciter reached stable irradiance in 
less than 5 seconds (left), and provided 3 hours and 40 minutes of useful life 
(absolute irradiance greater than 10 W!m-2, right). 
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Figure 59: Spectroline Optimax 3000 exciter irradiance area, where absolute irradiance 
was 10 W!m-2 or greater, was measured to be 0.0065 m2 at a distance of 0.381 m 
from the source when the data (left) was thresholded and analyzed (right). 
 
Obvious differences were observed between exciters included in this study.  Of 
battery-powered exciters, only the FL5000 utilized standard batteries, while all others 
required special or proprietary batteries.  Useful battery life varied dramatically, with 
times ranging from several minutes to several hours.  Features, such as the ability to alert 
the operator to a low battery, and the ability to be powered by AC as well as battery, 
demonstrated that NDT exciters are seeing advancing usability.  Some exciters have 
small irradiance areas, and would be best utilized for focused inspections.  Others emit a 
considerable amount of power over a wider area, and would be useful for long-duration, 
wide-area inspections.  Table 7 provides an overview of the data gathered within this 
section. 
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Table 7: Summary of useful irradiance area, warm-up time, and useful battery life for 
each exciter. 
Exciter Useful Area at 0.381 m Warm-Up Time Battery Longevity 
BlueLine NDT FL5000 0.005 m2 < 5 sec 9 hr 45 min 
Johnson & Allen Mini-T 0.003 m2 < 5 sec 6 hr 29 min 
Johnson & Allen Neolectron 0.007 m2 35 to 40 sec 1 hr 1 min 
Johnson & Allen UVT-365 0.003 m2 < 5 sec 14 min 
Labino Midlight 0.033 m2 32 to 36 sec N/A 
Labino Spotlight 0.014 m2 32 to 36 sec N/A 
Magnaflux ZB-100F 0.018 m2 5 min 21 sec N/A 
Spectroline Optimax 365 w/o lens 0.002 m2 < 5 sec 1 hr 8 min 
Spectroline Optimax 365 w/lens 0.002 m2 < 5 sec 1 hr 8 min 
Spectroline Optimax 3000 0.007 m2 < 5 sec 3 hr 40 min 
Spectroline XX-15A 0.000 m2 2 min 25 sec N/A 
 
 
DETERMINING SAFE RECOMMENDED USAGE TIMES FOR 
EXCITERS 
 
Chapter 1 discussed how to calculate a maximum recommended safe exposure 
time based upon an integral sensor measurement of ACGIH-weighted effective irradiance 
(Equation 7).  This calculation utilizes the current recommendation that total daily 
ultraviolet radiation accumulation not exceed 30 Joules per meter-squared.  As with any 
integral sensor measurement, spectral mismatch correction factors were required when 
evaluating a type of radiation source different than the calibration source.   
Correction factors were previously provided in Table 4, and corrected ACGIH 
effective irradiance values were provided in Table 5.  Maximum safe recommended 
exposure times for unprotected skin were calculated for each absolute irradiance level for 
each exciter included in this experiment (Table 8).  UV-A absolute irradiance of a given 
exciter varied with distance, and safe usage time consequently increased with distance 
from the source.  Safe exposure times would also decrease for sensitive skin types, or 
when working with sensitizing agents. 
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Table 8: Absolute UV-A irradiance, and corrected ACGIH effective irradiance 
measurements obtained with integral sensors coupled to a Gigahertz-Optik X11 
optometer, along with calculated safe usage times based on an 8-hour day. 
Exciter  
 UV-A (W!m-2) ACGIH Eff. Irrad. (W!m-2) Safe Usage Time (s) 
Mercury Vapor 10.39 0.039 440 
 20.64 0.088 200 
 36.26 0.150 120 
 51.34 0.215 80 
    
MPXL 35.87 0.114 220 
 73.43 0.240 100 
 75.15 0.255 100 
    
BLB Fluorescent 3.80 0.016 1880 
 15.99 0.069 430 
 32.96 0.141 210 
    
365-nm UV-LED 16.37 0.060 250 
 25.89 0.095 160 
 29.47 0.108 140 
 
Using the calculated values from Table 8, safe daily exposure to a mercury vapor 
source emitting an absolute irradiance of 10 W!m-2 would be approximately 450 seconds.  
Maximum safe exposure to an MPXL source emitting 10 W!m-2 would be approximately 
850 seconds.  Safe daily exposure to a BLB fluorescent source emitting an absolute 
irradiance of 10 W!m-2 would be approximately 700 seconds.  And, maximum safe 
exposure to the UV-LED source emitting 10 W!m-2 would be approximately 410 
seconds. 
A 365-nm UV-LED source has an emission spectrum closely resembling that of a 
mercury vapor exciter (Figure 24), and as expected, these two sources had similar 
calculated usage times.  Peak emission of an MPXL source is longer in wavelength than 
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mercury vapor, UV-LED, or BLB fluorescent exciters, and as expected, it had a longer 
safe usage time.  
Safe usage times did not, however, always follow a logical trend.  For example, 
according to the ACGIH action spectrum lower wavelengths are more harmful, and 
would be expected to equate to a shorter usage time.  The BLB fluorescent source, with a 
peak emission lower in wavelength than other exciters, had the second longest calculated 
safe usage time.  There are several possible sources of error in these calculations.  
Sources include: poor quality emission spectra from the exciters, erroneous spectral 
mismatch correction factors, and rapid changes in exciter irradiance versus position (see 
Figures 41 through 58) that may have resulted in integral sensor placement outside of the 
actual peak irradiance position.  
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CHAPTER 4:  PREDICTED AND ACTUAL 
FLUORESCENT LUMINANCE 
 
PREDICTING TEST MEDIA FLUORESCENT LUMINANCE 
 
Predicting the effect of various exciters on test media luminance could allow the 
evaluation of additional models, or future types, of exciters without the need for an 
expensive photometer and time-consuming experimental work.  Such predictions require 
calibrated spectral irradiance data, as well as relative spectral fluorescent excitation 
spectra for relevant test media.  The effect of filtering safety glasses will be considered 
later in this chapter. 
Due to the lack of a calibration source, an Ocean Optics polychromator 
spectrometer was used in relative irradiance mode, but this did not directly provide 
spectral irradiance measurements.  To obtain absolute spectral irradiance spectra, 
polychromator data were collected in tandem with integral sensor absolute irradiance 
measurements, and these integral sensor readings were corrected for spectral mismatch 
errors. 
An optical fiber and integral sensor were rigidly held with an optical bench plate 
fixture (Figure 60).  Sliding the fixture between stops allowed the desired sensor to be 
placed into the same position within an exciter’s irradiance pattern.  Layers of metal 
screen acted as neutral density filters, and facilitated the collection of several irradiance 
levels without altering the relative positions of the sensors and exciter.  As previously 
shown (Figure 24), each exciter type has a characteristic spectral emission spectrum.  
When a spectral emission plot is viewed with respect to wavelength, the rectangularly 
integrated area beneath the spectral curve varies with irradiance.  Tandem data collection 
determined the strong positive relationship between the integrated area beneath the 
spectra curves and absolute irradiance (Figure 61).  Data points from all exciters fell 
along the same trend line.   
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Exciters were chosen (Table 1) for this experiment to represent the major types 
available for NDT usage, and to display the wide variety of emission spectra available 
(Figure 24).  A medium-pressure mercury vapor lamp, which emitted a narrow spectrum 
centered at 365 nm, and was the historical standard exciter.  An MPXL lamp was a 
newer, but widely used alternative excitation source.  The MPXL ultraviolet radiation 
source emitted a broad spectrum, and would be expected to efficiently excite a wide 
variety of test media.  A BLB fluorescent exciter was included to provide a broad-
spectrum source centered at a lower wavelength than other types.  One UV-LED source 
(Neolectron) was included to represent the newest accepted type of NDT exciter.  And 
lastly, a blue LED source (Optimax 3000) was included to represent the newest, but not 
yet widely accepted exciter for NDT.   
 
 
Figure 60:  Calibrated spectral irradiance spectra were acquired by first collecting a 
relative irradiance spectrum, and then sliding an integral sensor into the same 
position within the exciter’s irradiance pattern. 
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Figure 61: Integrated area beneath all exciter’s spectral emission plots, as observed with a 
polychromator spectrometer working in relative irradiance mode, versus absolute 
irradiance measurements made with a calibrated integral sensor. 
 
With the relationship between the area beneath an emission spectrum and its 
absolute irradiance established, predictive work progressed.  Predictions were to be made 
with all exciters emitting equal absolute irradiance, so spectra gathered by the 
polychromator had to be scaled such that absolute irradiance (area beneath their curves) 
was equal.  In this work, a rectangularly integrated area beneath a spectrum of 6309 
counts!nm was equivalent to an absolute irradiance of 10 W!m-2, and 31505 counts!nm 
was equivalent to an absolute irradiance of 50 W!m-2.  Figure 62 provided an example 
where the emission spectra from five exciters were set to 10 W!m-2.  Note that while their 
areas were equal, exciters with small FWHM values, such as the mercury vapor source, 
had much higher peak levels that those with broader emission spectra. 
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Figure 62: Spectral irradiance plots showing the emission spectra of five different exciter 
types adjusted so that the area beneath their curves is the same value that 
represents 10 W!m-2. 
 
Properly adjusted spectral emission data were then utilized to determine the 
interaction between fluorescent test media and the energy emitted by the exciters.  This 
interaction was evaluated by multiplying the adjusted spectral emission data by the 
normalized fluorescent excitation spectra for six selected test media samples.  These six 
samples were selected, in the manner described in Chapter 2, based upon their excitation 
wavelength preference.   
Some test media, such as Mfr A-Pen 2, were more strongly excited by UV-A 
versus blue light excitation and would be expected to have lower fluorescent luminance 
when excited by a blue LED exciter (Figure 63).  Other test media, such as the 2008 
sample of Mfr D-Mag 1, had a strong preference for blue light excitation wavelengths, 
and would be expected to have the highest fluorescent luminance when excited by a blue 
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LED exciter (Figure 64).  Rectangular integration of the area beneath the interaction plot 
was then used as a basis of comparison between exciters. 
 
 
Figure 63: Spectral irradiance plots of five exciters emitting 10 W!m-2 overlaid with the 
relative fluorescent excitation spectrum of the UV-A preferring sample of Mfr A-
Pen 2 sample. 
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Figure 64: Spectral irradiance plots of five exciters emitting 10 W!m-2 overlaid with the 
relative fluorescent excitation spectrum of the blue-light preferring 2008 sample 
of Mfr D-Mag 1 sample. 
 
As illustrated in Figure 63 and Figure 64, exciter emission spectra were expected 
to vary in fluorescent excitation efficiency.  UV-A exciters would be expected to be quite 
efficient at exciting penetrant test media, which all had peak excitation efficiency near 
365 nm.  A blue light exciter, however, would be expected to out-perform UV-A exciters 
for the 2008 sample of Mfr D-Mag 1.  Table 9 provided a summary of the integrated 
areas calculated for each exciter/test media interaction, as well as the same data in 
normalized form.  Normalized values of 1.0 identified the highest predicted luminance 
for a given test media and exciter combination. 
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Table 9: Summary of predicted unfiltered (no safety glasses) fluorescent luminance of six 
test media samples when irradiated by five different exciters. 
 
 
As shown in Table 9, UV-A sources were predicted to have higher excitation 
efficiencies for five out of six test media samples, and the mercury vapor source was 
expected to be the optimal exciter for four test media.  Little difference in excitation 
efficiency was predicted for the Mfr B-Mag 1 sample, with a range of normalized 
efficiencies between 0.93 (blue light) and 1.0 (mercury vapor).  And, blue light excitation 
was predicted to produce almost twice the luminance of UV-A exciters for the Mfr D-
Mag 1 sample.  These predictions were experimentally tested, as described in the 
following section.  
 
 
MEASURING TEST MEDIA FLUORESCENT LUMINANCE 
  
Experimental work was performed to measure the luminance of six varieties of 
test media when each was exposed to irradiation from five exciters.  Luminance was 
measured with a PR-880 fully automatic filter photometer (Photo Research, Topanga 
Canyon, CA).  The photometer employed a #-degree aperture, automatic neutral density 
front filter, and a photopic rear filter set.  Test media, as described above, were chosen 
based upon their fluorescent excitation and fluorescent emission spectra.  Fluorescent 
penetrants that offered high or low blue light excitation, or had a fluorescent emission 
peak that was lower or higher in wavelength than others were given preference.  
Magnetic particle test media were selected in a similar manner. 
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The general setup for these experiments is presented in Figure 65.  Exciters were 
positioned at varied heights above a black felt-covered stand.  The removable felt-
covered stand held test media samples at exactly the same height as the integral sensors, 
so that the distance between the exciter and sensor/sample remained constant.  Standoff 
distance of the exciter controlled irradiance, and black felt on the removable stand 
minimized background luminance.  The photometer was positioned and rigidly held with 
the aid of a Manfrotto 405 geared tripod head (Manfrotto, Bassano del Grappa, Italy).  
Figure 65 also offered two views of test media samples through the photometer.  The 
black circle in the center was the photometer measurement area, under which luminance 
was integrated. 
      
  
Figure 65: General setup for luminance experiments showing the relative position of the 
photometer, sample, and exciter (left); and close-up views of a typical penetrant 
when viewed under UV-A (upper right), and a typical magnetic particle (lower 
right) sample when viewed under unfiltered blue light excitation. 
 
Photobleaching of fluorescent penetrants was a potential source of error in this 
work, and efforts were made to minimize its effects.  Photobleaching is a time-dependent 
Exciter 
Photometer 
Sample 
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decrease in fluorescent luminance, which can be minimized by reducing irradiance (not 
employed here), or by reducing the interaction between an excited fluorophore and air 
(photobleaching minimization effort employed).  Past work showed that holding a thin 
air-free layer of penetrant between two UV-grade fused silica windows (Edmund Optics, 
Barrington, NJ) offered such protection for irradiance levels at least as high as 200 W!m-2 
(Lopez et al., 2006a; Lopez, 2006b).  A closed sandwich-like configuration was utilized 
for all liquid penetrant samples (Figure 65, upper right), although magnetic particle 
samples, which presented less photobleaching concern due to their resin-encapsulated 
nature, were simply placed upon one fused silica window in an open configuration 
(Figure 65, lower right). 
Luminance of the black felt stand covering increased with irradiance, and the rate 
of increase was highest for the blue light exciter (Figure 66).  Fluorescent nondestructive 
inspections rely upon a contrast ratio difference between an indication and its 
surroundings (Schmidt and Robinson, 1984).  Luminance of the black felt was therefore 
subtracted, through the use of equations obtained from best-fit trend lines, from test 
media luminance measurements specific to the test conditions.  This subtraction 
technique facilitated a fair analysis of the observed contrast for all exciters and test 
media.  Values reported in this section do not take the filtering effect of safety glasses 
into account, while a later section of this paper does. 
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Figure 66: Luminance of the black felt beneath the fused silica sample holder, measured 
without the filtering effect of safety glasses, increased at varying rates with 
irradiance from all exciters. 
 
Test media samples were exposed to up to 90 W!m-2 of absolute irradiance while 
monitoring luminance.  Luminance values increased linearly with absolute irradiance for 
all samples, which meant that saturation (no further increase in fluorescent luminance 
with increasing excitation irradiance) did not occur within this range.  The following 
plots showed luminance versus absolute irradiance for each test media.  Higher best-fit 
trend line slopes indicated more efficient excitation.   
Luminance values should not be compared between samples, because no attempt 
was made to standardize the test media samples for inter-comparison.  For example, a 
greater film thickness of fluorescent penetrant would likely have a higher luminance than 
a thinner layer of the same test media under identical circumstances.  A best-fit trend line 
was determined for each exciter/test media combination for comparison with predictions.  
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Discussion of experimental results often refer back to fluorescent excitation data that was 
gathered with a spectrofluorometer, and conveyed to the reader in Chapter 2 of this 
document.  Such data represented the relative spectral fluorescent excitation efficiency.  
This spectrofluorometer data was included in the upper left corner of plots below for the 
reader’s convenience. 
Experimental results from the Mfr B-Pen 2 sample (Figure 67) revealed that all 
UV-A exciters performed similarly.  Among UV-A exciters for this test medium, the 
BLB fluorescent source was slightly more efficient (cd!m-2 of fluorescence induced per 
W!m-2 irradiated), and the MPXL source was slightly less efficient.  Although 
spectrofluorometer data for this test medium showed it to have high blue light (450 nm) 
excitation efficiency among evaluated penetrants, blue light excitation was much less 
efficient than UV-A.  Experimental results showed that the blue light excitation source 
was 50% as efficient as the BLB fluorescent source for this test medium. 
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Figure 67: Unfiltered Mfr B-Pen 2 luminance due to varying irradiance levels from five 
different exciters, along with the fluorescent excitation spectra for this test 
medium. 
 
Not surprisingly, experimental results from the Mfr A-Pen 2 sample (Figure 68) 
showed that UV-A exciters again performed similarly, and that blue light excitation was 
much less efficient.  Among UV-A exciters for this test medium, the MPXL source was 
slightly more efficient, and the mercury vapor source was slightly less efficient.  Of the 
fluorescent penetrants evaluated, spectrofluorometer data predicted this test medium to 
have the lowest blue light excitation efficiency.  Unfiltered experimental luminance 
caused by blue light excitation was slightly better for this sample, however, than the 
previous Mfr B-Pen 2 sample.  Results showed that blue light excitation source was 56% 
as effective as the MPXL source for this test medium. 
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Figure 68: Unfiltered Mfr A-Pen 2 luminance due to varying irradiance levels from five 
different exciters, along with the fluorescent excitation spectra for this test 
medium. 
 
Experimental results from the Mfr D-Pen 7 sample (Figure 69) again showed that 
UV-A exciters performed similarly, and that blue light excitation was much less efficient.  
Among UV-A exciters for this test medium, the MPXL source was slightly more 
efficient, and the mercury vapor source was slightly less efficient.  Some of this 
preference for MPXL excitation could be attributed to the test medium’s 368-nm peak 
fluorescent excitation, which was the furthest from a mercury vapor source’s peak 
emission of all penetrants chosen.   
There was little difference in fluorescent luminance values produced by UV-A 
sources for all three penetrant test media evaluated.  Based upon spectrofluorometer data, 
blue light excitation efficiency of Mfr D-Pen 7 was expected to fall between the Mfr B-
Pen 2 and Mfr A-Pen 2 results.  Experimental results, however, showed that the actual 
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blue light excitation source was only 40% as effective as the MPXL source for this test 
medium.  Spectrofluorometer scans of this test medium did display a zero offset error, 
which likely contributed to the difference between actual and expected blue light 
excitation efficiency. 
 
 
Figure 69: Mfr D-Pen 7 luminance due to varying irradiance levels from five different 
exciters, along with the fluorescent excitation spectra for this test medium. 
 
Experimental results from the Mfr B-Mag 1 sample (Figure 70) showed that, as 
predicted by spectrofluorometer data, all exciters had very similar excitation efficiency.  
This spectrofluorometer data, as shown in the upper left corner of Figure 70, suggested 
that blue light excitation efficiency (450 nm) for this test medium was slightly less than 
that predicted for 365 nm excitation.  However, experimental results showed that the 450-
nm blue LED source produced the highest fluorescent luminance.  It was expected that 
the filtering effect of the required safety glasses would modify these results slightly.  
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Excitation efficiency ranged between 0.82 (BLB fluorescent) and 1.0 (blue light) for this 
test medium. 
 
 
Figure 70: Mfr B-Mag 1 luminance due to varying irradiance levels from five different 
exciters, along with the fluorescent excitation spectra for this test medium. 
 
Experimental results from the Mfr D-Mag 2 sample (Figure 71) showed that, as 
predicted, all exciters had very similar excitation efficiency.  Spectrofluorometer data 
suggested that blue light excitation efficiency for this test medium was slightly less than 
efficiency at 365 nm, however the blue LED source produced the highest luminance.  It 
was expected that the filtering effect of the required safety glasses would modify these 
results slightly.  Excitation efficiency ranged between 0.82 (BLB fluorescent) and 1.0 
(blue light) for this test medium. 
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Figure 71: Mfr D-Mag 2 luminance due to varying irradiance levels from five different 
exciters, along with the fluorescent excitation spectra for this test medium. 
 
Experimental results from the 2008 batch of Mfr D-Mag 1 sample (Figure 72) 
showed that, as predicted, the blue light exciter had higher excitation efficiency than any 
UV-A source.  Spectrofluorometer data showed that blue light excitation efficiency for 
this test medium was much greater at 450 nm than at 365 nm.  It was predicted that the 
filtering effect of the required safety glasses would modify these results slightly, but blue 
light excitation would still be expected to remain the optimal exciter for this test medium.  
Excitation efficiency ranged between 0.42 (mercury vapor and the Neolectron) and 1.0 
(blue light) for this test medium. 
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Figure 72: The 2008 batch of Mfr D-Mag 1 luminance due to varying irradiance levels 
from five different exciters, along with the fluorescent excitation spectra for this 
test medium. 
 
It was not clear why the MPXL exciter, which was often predicted to be less 
efficient than the mercury vapor and UV-LED sources, was often experimentally ranked 
best.  Given the equipment and calibration limitations previously described, it was 
feasible that a(Z) correction factors were less than optimal, thus shifting results.  Other 
possible reasons behind the difference between predicted and actual results could have 
been variation in penetrant film thickness versus time in the spectrofluorometer cuvette, 
or photobleaching of the penetrant during spectrofluorometry data acquisition.   
Cuvettes were inverted after penetrant was applied, thus allowing the liquid to 
equalize to its preferred film thickness over time.  When they were placed in the correct 
orientation for testing liquid pooled slightly in the bottom of the cuvette, which could 
have varied the film’s absorbance due to increased thickness.  Such a change may have 
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varied its fluorescent excitation spectra slightly, especially in the longer-wavelength 
region (which was gathered later in the scan than the shorter-wavelength portion).  Also, 
photobleaching was observed in the small zone of the cuvette interrogated by the 
spectrofluorometer.  Photobleaching could have decreased the longer-wavelength 
intensity due to destruction of the cascading fluorophore with interrogation time. 
While the following sections incorporated the effect of filtering safety glasses, 
blue light excitation was shown to be quite effective for magnetic particle samples when 
no filters were utilized (Table 10).  For example, blue light excitation of Mfr D-Mag 1 
was twice as bright as the best UV-A exciter.  Blue light excitation was not always 
optimal, especially for penetrant samples.  Without considering the effect of filtering 
safety glasses, it appeared that on a luminance-versus-irradiance basis blue light 
excitation was a better match for magnetic particle test media. 
 
Table 10: Comparison between normalized predicted and actual unfiltered (no safety 
glasses) fluorescent luminance for six test media samples when irradiated by five 
different exciters. 
 
 
 
PREDICTING THE EFFECT OF FILTERING SAFETY GLASSES ON 
OBSERVED TEST MEDIA FLUORESCENT LUMINANCE 
 
Filtering safety glasses are always necessary in fluorescent NDT regardless of 
exciter type.  These glasses are needed for safety reasons, and special filtering lenses are 
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required for blue light exciters.  To predict the relative effect of various filtering safety 
lenses, one requires (1) knowledge of the lens’ transmission spectra, and (2) spectral 
emission data for light that will transmit through the lenses.  Chapter 2 of this thesis 
provided both of these data sets (Figure 34 through Figure 37), which were employed for 
predicting the effect of safety glasses.  Integrating the area beneath the curves formed by 
multiplying spectral fluorescent emission data and lens transmittance provided a basis of 
comparison between lenses.   
Unfiltered indication viewing predictions were based upon an idealized filter.  
Transmittance of an ideal filter would be zero through 380 nm, and then 100% through 
the visible spectrum.  All other filtering lenses utilized their respective transmission 
spectra presented earlier.  Table 11 presented predictions of normalized test media 
luminance for each test medium and filtering lens compared to unfiltered viewing.  As 
shown, unfiltered luminance was set to 100%, and luminance was predicted to be some 
lower value when viewed through any safety lens.  This lower predicted value was a 
function of cut-on wavelength of the longpass filters with respect to test media 
fluorescent emission spectrum and the maximum transmittance of the lenses.  The amber 
Uvex lens was often predicted to be the optimal filter for viewing test media indications.  
These predictions were tested experimentally in the following section. 
 
Table 11: Predicted luminance of each fluorescing test medium, with respect to unfiltered 
viewing, when viewed through four different filtering options. 
 
 
 
Prediction
Mfr B-Pen 2 Mfr A-Pen 2 Mfr D-Pen 7 Mfr B-Mag 1 Mfr D-Mag 2 Mfr D-Mag 1
No Filter 100% 100% 100% 100% 100% 100%
Clear UVEX 87% 87% 87% 88% 88% 87%
Amber UVEX 84% 87% 89% 94% 94% 89%
Amber Blueline 39% 48% 53% 70% 64% 56%
Amber Spectroline 52% 60% 65% 78% 74% 67%
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MEASURING THE EFFECT OF FILTERING SAFETY GLASSES ON 
OBSERVED TEST MEDIA FLUORESCENT LUMINANCE 
 
Clear lenses are generally paired with UV-A exciters in industry, although amber 
lenses are also an option.  Amber lenses are mandatory when using blue light excitation, 
but they can also improve the contrast ratio when using UV-A exciters (Figure 73).  Note 
the decrease in background brightness, while indication brightness remains qualitatively 
unchanged when an Eastman Kodak Wratten #2E gel filter (Rochester, NY) filter was 
introduced.  A strong background brightness change could also be noted in the upper 
right and lower right images of Figure 65, where UV-A irradiance and blue LED 
irradiance fell upon the same black felt-covered stand. 
 
 
 
Figure 73: Five indications on a fluorescent penetrant test panel irradiated by an MPXL 
source photographed while changing only the filter; UV-A filtering (top) was 
replaced by special UV-A- and blue light-blocking filtering (Wratten 2E). 
 
The change in background brightness noted in Figure 65 and Figure 73 was 
largely due to the amber (blue-blocking) filter’s ability to absorb the reflected and 
Clear Filter 
Amber Filter 
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refracted excitation energy before it reached the camera.  A visual comparison between 
emission spectra from NDT exciters and the transmission spectra of typical safety lenses 
helps to clarify this effect (Figure 74).  The clear lens absorbs only UV-A, while amber 
lenses also absorb some amount of blue light.   
Blue light absorption varied because of differences in transmittance and cut-on 
wavelength.  An amber Uvex lens would be predicted to be effective for UV-A sources, 
but because of a substantial amount of unabsorbed energy passing to the detector, it 
would not be well matched for blue LED exciters.  This plot also presented two matched 
pairs of exciters and filters: the BlueLine NDT set, and the Spectroline set.  One can see 
that both matched-set filtering lenses block the majority of excitation energy from the 
exciter.  Given the longer-wavelength cut-on for BlueLine NDT glasses, they would be 
expected to have the lowest background luminance of any safety lens option. 
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Figure 74: Comparison between emission spectra from typical NDT exciters and 
transmission spectra of typical safety lenses.  
 
Figure 66 showed the actual rate of increase of background luminance for all 
exciters without the aid of filtering safety glasses.  Trend line slopes varied with exciter 
and choice of filtering safety lens.  For example, amber safety glasses decreased the rate 
of background luminance change for the blue light exciter (Figure 75), because this type 
of lens blocked more of the excitation energy than the clear lens was able to.  Similar 
plots were utilized for all exciters, and relevant trend lines revealed the mathematical 
relationship subsequently used for data correction in a manner specific to the exciter and 
filter.  It was these corrected data that were then analyzed.   
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Figure 75: Varying rates of increasing black felt luminance with increasing blue 
light irradiance when observed through a variety of filtering safety glasses. 
 
Exciter efficiency ordering in Figure 75 followed the same general trend noted 
when the amount of UV-A irradiance emitted per visible light illuminance was analyzed 
in Chapter 3 (see page 83).  The blue LED exciter, as expected, emitted a considerable 
amount of visible light; this exciter had the highest slope in Figure 75.  MPXL and BLB 
exciters were found to emit an appreciable amount of visible light, and these two had the 
next two lowest slopes.  Ordering of the MPXL and BLB sources in Chapter 3 was, 
however, reversed.  The mercury vapor and the filtered UV-LED source emitted the 
lowest amount of visible light per unit irradiance, and these two had the lowest slopes. 
Figure 76 represented the filtered change in Mfr B-Pen 2 luminance with 
increasing absolute irradiance.  Spectrofluorometer data for this test medium showed it to 
have high relative blue light excitation efficiency compared to other penetrants evaluated.  
Luminance was measured through clear safety glasses for all UV-A sources, and through 
!"#"$%&'()$&*"
!"#"$%&+,'$-*"
!"#"$%$-+),&*"
!"#"$%$$(()-*"
!"#"$%$&')'.*"
!"
#"
$"
%"
&"
'!"
'#"
'$"
!" '!" #!" (!" $!" )!" %!" *!" &!" +!"
,-
./
0"
12
-3
"4
56
78
.8
/2
"9/
:;
6
# <
"
=>?@-532"ABB.:7.8/2"9C;6#<"
,-52"D"12-3"D"E@"17-32B"
,-52"D"12-3"D"F-2.B"
,-52"D"12-3"D"=6>2B"GHIJ"
,-52"D"12-3"D"=6>2B",-52-782"
,-52"D"12-3"D"=6>2B"KL2/3B@-782"
 129 
the matched Spectroline lens for the blue LED exciter.  One may compare this plot 
against Figure 67.  Proper filtering slightly changed the best-fit trend line slopes, but had 
no significant effect on exciter efficiency rankings.  BLB fluorescent excitation remained 
the optimal overall exciter, with the MPXL exciter lagging slightly behind the remaining 
UV-A sources.  A comparison of best-fit trend line slopes showed that blue light 
excitation was only 45% as efficient as the lowest efficiency UV-A source for this test 
medium. 
 
 
Figure 76: Filtered Mfr B-Pen 2 luminance due to varying irradiance levels from five 
different exciters, along with the fluorescent excitation spectra for this test 
medium. 
 
Figure 77 represented the filtered change in Mfr A-Pen 2 luminance with 
increasing absolute irradiance.  Spectrofluorometer data for this test medium showed it to 
have the lowest relative blue light excitation efficiency of all penetrants evaluated.  
!"
#!!"
$!!"
%!!"
&!!"
'!!"
(!!"
)!!"
*!!"
+!!"
!" #!" $!" %!" &!" '!" (!" )!" *!" +!" #!!"
,
-.
"/
01
23
"$
"4$
!!
+5
"6
789
2.
2:
";
<=
73
>3
?2
"4?
:@
=
$ 5
"
ABCD8<92"E..>:7>3?2"4F@=$5"
,2.?<.G"H>ID."
,1J;"
/;/"68<D.2C?239"
KH0;LM"
/8<2";LM"
 130 
Luminance was measured through clear safety glasses for all UV-A sources, and through 
the matched Spectroline lens for the blue LED exciter.  One may compare this plot 
against Figure 68.  Proper filtering altered the relative ranking of the mercury vapor and 
UV-LED sources, although this change was slight.  MPXL excitation was slightly more 
efficient than other UV-A sources, and UV-A excitation was significantly more efficient 
than blue light excitation.  Blue light excitation was 54% as efficient as the lowest 
efficiency UV-A source for this test medium, which was a better result than expected. 
 
 
Figure 77: Filtered Mfr A-Pen 2 luminance due to varying irradiance levels from five 
different exciters, along with the fluorescent excitation spectra for this test 
medium. 
 
Figure 78 represented the filtered change in Mfr D-Pen 7 luminance with 
increasing absolute irradiance.  This test medium represented the average fluorescent 
excitation response of all penetrants evaluated.  Luminance was measured through clear 
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safety glasses for all UV-A sources, and through the matched Spectroline lens for the 
blue LED exciter.  One may compare this plot against Figure 69.  Proper filtering slightly 
changed the best-fit trend line slopes, but had no significant effect on exciter efficiency 
rankings.  MPXL excitation was slightly more efficient than other UV-A sources, and 
UV-A excitation was significantly more efficient than blue light excitation. Blue light 
excitation was only 37% as efficient as the lowest efficiency UV-A source for this test 
medium, which was a much worse result than expected. 
 
 
Figure 78: Filtered Mfr D-Pen 7 luminance due to varying irradiance levels from five 
different exciters, along with the fluorescent excitation spectra for this test 
medium. 
 
Figure 79 represented the filtered change in Mfr B-Mag 1 luminance with 
increasing absolute irradiance.  Spectrofluorometer data for this test medium revealed 
that a wide range of fluorescent excitation wavelengths would have similar efficiencies.  
Luminance was measured through clear safety glasses for all UV-A sources and through 
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the matched Spectroline lens for the blue LED exciter.  One may compare this plot 
against Figure 70.  Proper filtering grouped exciter results more closely, and showed that 
the MPXL exciter was only slightly more efficient than blue light excitation for this test 
medium, and as predicted excitation efficiency from all exciters was nearly equal for this. 
 
 
Figure 79: Filtered Mfr B-Mag 1 luminance due to varying irradiance levels from five 
different exciters, along with the fluorescent excitation spectra for this test 
medium. 
 
Figure 80 represented the filtered change in Mfr D-Mag 2 luminance with 
increasing absolute irradiance.  Spectrofluorometer data for this test medium showed that 
blue light excitation efficiency was the lowest of all magnetic particles evaluated and that 
peak efficiency was located at 380 nm.  Luminance was measured through clear safety 
glasses for all UV-A sources, and through the matched Spectroline lens for the blue LED 
exciter.  One may compare this plot against Figure 71.  Proper filtering reduced the slope 
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of the blue LED to that of the MPXL exciter, but did not affect efficiency rankings.  Blue 
light, UV-LED, and MPXL efficiencies were essentially equal, while the efficiency of 
other exciters was slightly lower.  BLB excitation efficiency was the lowest of any 
exciter for this test medium.  These results were not surprising given that the longer 
wavelength peak fluorescent excitation efficiency did not match well with the BLB 
source, or the narrow spectrum 365-nm mercury vapor source.  The broader-spectrum 
UV-LED source was shown to be more efficient than its mercury vapor counterpart in 
this situation. 
 
 
Figure 80: Filtered Mfr D-Mag 2 luminance due to varying irradiance levels from five 
different exciters, along with the fluorescent excitation spectra for this test 
medium. 
 
Figure 81 represented the filtered change in Mfr D-Mag 2 luminance with 
increasing absolute irradiance.  Spectrofluorometer data for this test medium showed it to 
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have relatively poor UV-A excitation efficiency, and exceptionally high blue light 
efficiency.  Luminance was measured through clear safety glasses for all UV-A sources 
and through the matched Spectroline lens for the blue LED exciter.  One may compare 
this plot against Figure 71.  Proper filtering slightly changed the best-fit trend line slopes, 
but had no significant effect on exciter efficiency rankings.  As expected from 
spectrofluorometer data, blue light excitation efficiency was much higher than that of any 
UV-A source.  The most efficient UV-A exciter (MPXL) was only 49% as efficient as the 
blue light source for this test medium. 
 
 
Figure 81: Filtered Mfr D-Mag 1 luminance due to varying irradiance levels from five 
different exciters, along with the fluorescent excitation spectra for this test 
medium. 
 
Experimental results helped to establish the relative effect of various filters when 
measuring the luminance of each test media sample.  As discussed in Chapter 1, the 
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fluorescent emission spectrum of a test medium is independent of excitation spectrum.  
Because all exciters would produce the same fluorescent emission spectrum from the test 
medium, all experimental results were compiled to determine an average response (Table 
12).  The amount of variance for a given filter, when all exciters were considered, was 
minimal (3% to 6% difference).  This variance was likely within the bounds of 
experimental error.   
 
Table 12: Predicted and actual percent of unfiltered luminance of each fluorescing test 
medium when viewed through four different filtering options. 
 
 
A comparison between predicted and actual effect of various filtering options 
revealed that transmission spectra for the amber BlueLine NDT and amber Spectroline 
lenses were probably inaccurate.  Predictions for the clear Uvex and amber Uvex lenses 
were often quite close to experimental results.  Adjustment of the BlueLine NDT and 
Spectroline transmission spectra to obtain predicted luminance values closer to 
experimental results required unrealistic transmittance values of greater than 100%.  
While data acquired with a low-cost polychromator spectrometer data were shown to 
generally suffice for experimental work, it is likely that higher accuracy transmission 
spectra, gathered on proper equipment, would provide a better basis for predictions. 
Table 12, as suggested by Figure 18, showed that the amber Uvex safety lens 
always allowed a greater or equal amount of fluoresced light emitted by a test medium 
sample to reach the detector, as compared to its clear counterpart.  In industrial 
applications this would result in more light from an indication reaching the inspector’s 
Prediction
Mfr B-Pen 2 Mfr A-Pen 2 Mfr D-Pen 7 Mfr B-Mag 1 Mfr D-Mag 2 Mfr D-Mag 1
No Filter 100% 100% 100% 100% 100% 100%
Clear UVEX 87% 87% 87% 88% 88% 87%
Amber UVEX 84% 87% 89% 94% 94% 89%
Amber Blueline 39% 48% 53% 70% 64% 56%
Amber Spectroline 52% 60% 65% 78% 74% 67%
Actual Results
Mfr B-Pen 2 Mfr A-Pen 2 Mfr D-Pen 7 Mfr B-Mag 1 Mfr D-Mag 2 Mfr D-Mag 1
No Filter 100% 100% 100% 100% 100% 100%
Clear UVEX 91% 89% 87% 88% 92% 84%
Amber UVEX 92% 92% 89% 88% 92% 87%
Amber Blueline 70% 75% 74% 80% 80% 74%
Amber Spectroline 74% 78% 77% 82% 83% 78%
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eyes and higher expected probability of detection.  Amber Uvex results did not reflect 
those obtained with amber lenses supplied with two light sources, the BlueLine NDT 
FL5000 and Spectroline Optimax 3000.   
The BlueLine and Spectroline lenses had longer-wavelength cut-on values, and 
seemed to have lower transmittance.  Compared to the amber Uvex lens, fluorescent 
luminance measured through the BlueLine NDT filtering lens was respectively 22%, 
17%, 15%, 8%, 12%, and 13% dimmer across the list of test media in Table 12.  A 
similar comparison of the amber Uvex and amber Spectroline lenses showed that 
fluorescent luminance measured through the Spectroline was 18%, 14%, 12%, 6%, 9%, 
and 9% dimmer across the list of test media.  These data showed that the amber Uvex 
lens was the optimal safety glasses choice for UV-A excitation.  
Industrial practitioners generally utilize a clear safety lens with UV-A sources, so 
an initial analysis of experimental data was performed with the common user in mind.  
Table 13 presents predicted and actual normalized luminance values when UV-A induced 
fluorescence was filtered by a clear safety lens and blue light LED-induced fluorescence 
was filtered by its intended amber safety lens.  The accuracy of predicted values were 
often reasonably close, but sometimes a considerable disparity was observed.  As 
expected from the similarity of their emission spectra, mercury vapor and 365-nm UV-
LED results correlated closely. 
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Table 13: Predicted and actual normalized filtered luminance values for UV-A and blue 
light excitation when UV-A-induced fluorescence was viewed through a clear 
filtering lens and blue LED-produced fluorescence was viewed through its 
matching amber lens. 
 
 
Typical filtering methods showed that, on average across the six test media 
samples chosen, the MPXL source provided the best contrast ratio.  This meant that the 
wider emission spectrum produced by the MPXL provided flexibility across brand names 
and product types.  Overall ranking of exciter efficiency across all product types (from 
highest to lowest) was MPXL, UV-LED, mercury vapor, BLB fluorescent, followed by 
blue light excitation.  Typical filtering methods for penetrant samples showed that blue 
light excitation was between 35% and 49% as efficient as the optimal UV-A exciter.   
Typical filtering for magnetic particle samples was much more favorable for blue 
light excitation.  The amber-lens filtered blue LED exciter was either the optimal 
exciter/lens combination, or a close second, for the MPI test media samples included in 
this study.  For the 2008 sample of Mfr D-Mag 1, which was expected to heavily favor 
blue light excitation, the blue LED exciter was over twice as efficient as any UV-A 
source. 
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If any safety lens and exciter combination is allowed (something that would not 
necessarily be acceptable in industrial applications) a more complete picture of the 
experimental results is possible (Table 14).  These values were calculated from best-fit 
trend line slopes for an irradiance value of 10 W!m-2.  Interpretation of Table 14 is 
performed vertically with each test medium (column) being viewed independently.  For 
example, one will note that the Labino MPXL source irradiating a sample of Mfr A-Pen 2 
had a filtered and corrected (measured luminance less background luminance) luminance 
of 102.3 cd!m-2 when measured through an amber Uvex safety lens.   
 
Table 14: Actual filtered and corrected luminance values (in cd!m-2) for six penetrant and 
magnetic particle samples when excited by five exciter types emitting 10 W!m-2, 
and viewed through all filtering lens options. 
 
Corrected luminance results for Mfr B-Pen 2 showed that the BLB fluorescent 
tube exciter and clear safety glasses were the optimal combination, while the blue light 
!"#$%&'()$* !"#$+&'()$* !"#$,&'()$- !#"$%&!./$0 !"#$,&!./$* !"#$,&!./$0
!(#1$2.34# -560 5*67 5865 0867 967 96:
;.<=)4 ->6- 0::6* 576? 0?69 >68 969
%;% 796: 5?6* 596> 0860 ?69 96:
@(4A(1B#4) -560 5067 596? 0860 >68 ?67
C3DE.F$8::: ?:67 9?6- 8-6> 096: -60 0*69
!(#1$2.34# -567 5?6> 5?67 0?6: 965 960
;.<=)4 --65 0:*69 0:*68 096: >68 96>
%;% 7?6? 5>67 5967 0860 ?6? 96:
@(4A(1B#4) 7:69 5960 5-6- 0869 >69 96:
C3DE.F$8::: ?06- 9-6? 8560 086? -68 0*67
!(#1$2.34# >*6? ->65 7:60 0*6? 960 ?6?
;.<=)4 956: 7?6* 7?69 0868 96- ?67
%;% >860 -565 -76: 0068 867 ?68
@(4A(1B#4) >065 --6? 7067 0*6* 96> ?68
C3DE.F$8::: 8065 ?>60 8*60 0865 >68
0:67
!(#1$2.34# >>60 7:6- 706: 0*68 96* ?6>
;.<=)4 >868 7-68 7-6* 086> -6: 960
%;% >-60 7*68 7*69 0067 865 ?69
@(4A(1B#4) >96* 706* 7867 0*68 96- ?69
C3DE.F$8::: 8?69 ?56? 8?69 0865 >6? 0068
GA
(.
#$
H
I(
F$
J1
KL
E
* M
+
E
<(
#$
H
I(
F$
J1
KL
E
* M
%A
N(
;=
)(
$@
,
O$
J1
KL
E
* M
P3
(1
B#
4A
=)
($
J1
KL
E
* M
 139 
Spectroline Optimax 3000 exciter and matching Spectroline glasses provided the lowest 
signal-to-noise ratio.  Results for Mfr A-Pen 2 and Mfr D-Pen 7 both revealed that the 
MPXL (Labino) exciter and amber Uvex safety glasses provided the highest signal-to-
noise ratio, while blue light excitation with the amber BlueLine NDT lens offered the 
lowest.   
Results for Mfr B-Mag 1 showed a tie for the highest corrected luminance 
between the amber Uvex-filtered MPXL, and the clear Uvex-filtered blue LED exciter.  
Because the Optimax 3000 exciter would be unlikely to be coupled with clear safety 
glasses in industrial applications, the MPXL exciter would be viewed as optimal here.  
The BLB fluorescent exciter coupled with amber BlueLine NDT glasses was the least 
favorable combination for Mfr B-Mag 1, Mfr D-Mag 2, and Mfr D-Mag 1 (tied here with 
the UV-LED source and BlueLine NDT glasses) samples.  The Mfr D-Mag 2 and Mfr D-
Mag 1 samples were, however, where blue light excitation was optimal, especially with 
amber Uvex filtering. 
Results contained in Table 14 were normalized and presented as Table 15 to 
facilitate interpretation by the reader.  Results were normalized for each test 
medium/filtering option combination with respect to the optimal exciter.  One will note 
the similarity of exciter efficiencies for Mfr B-Mag 1, which was shown to have a broad 
and nearly constant fluorescent excitation spectrum.  This table was based upon the 
luminance produced when all exciters emitted 10 W!m-2. 
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Table 15: Actual normalized filtered luminance values for six penetrant and magnetic 
particle samples when excited by five exciter types and viewed through all 
filtering lens options. 
 
 
Experimental work contained within this thesis was performed on bulk samples of 
test media, rather than on crack indications.  This sample type was chosen for two 
reasons: (1) the luminance of actual penetrant indications decreases quite rapidly with 
time when exposed to irradiance levels of 5 W!m-2 or greater, and (2) the curved surface 
of safety glasses refracts light, which greatly decreases measurement repeatability on 
small crack indications when manually holding the filtering lenses within the optical 
path.  Future work could slightly heat the safety lenses to flatten them for experimental 
use, but overcoming the photobleaching effect would remain a challenge unless low 
irradiance levels were chosen. 
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CHAPTER 5:  SUMMARY AND CONCLUSIONS 
 
OVERALL SUMMARY 
 
 To determine the optimal exciter for fluorescent NDT, this study began by 
establishing the fluorescent excitation spectra for common test media.  Such data were 
not available from test media manufacturers or from technical articles.  These spectra 
confirmed that penetrants have remained essentially unchanged, from a fluorescent 
excitation standpoint, for many decades.  Fluorescent excitation spectra also showed that 
all penetrants reacted similarly to excitation wavelengths.  Penetrant test media exhibited 
peak fluorescent excitation between 362 and 371 nm, and peak fluorescent emission fell 
between 499 and 518 nm.   
Spectrofluorometry data appeared to reveal two additional aspects regarding 
fluorescent penetrant emission spectra: (1) peak emission wavelength appeared to be 
related to penetrant type, with post-emulsifiable test media having a shorter wavelength 
peak than its water-washable counterparts; and (2) higher sensitivity penetrants with 
greater concentrations of the cascading fluorophore generally had fluorescent emission 
spectra with negligible optical brightener emission peaks at 425-nm.   
Magnetic particle test media, exhibited much broader variance between products.  
Peak fluorescent excitation for magnetic particles included in this study fell between 361 
and 465 nm, although their peak fluorescent emission fell within the small range of 516 
to 522 nm.  Spectrofluorometer data showed that some magnetic particles were best 
excited by UV-A, one test medium exhibited a nearly constant fluorescent excitation 
spectrum, and another test medium was shown to be optimal for blue light excitation. 
With knowledge regarding the fluorescent excitation needs of test media, one is 
not required to guess which wavelengths are optimal.  Use of a spectrofluorometer, 
therefore, reduced the number of required experiments by allowing the careful selection 
of a few samples, which were representative of a larger group of samples.  A large 
collection of 190 samples, with up to 13 production years of a given test medium, 
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generally showed good consistency in results.  Only one batch of one test medium, the 
2008 batch of Mfr D-Mag 1, showed significant variation in fluorescent response 
compared to other production years.  While interesting from a product consistency 
standpoint, this variance was able to be exploited within this study to show that test 
media could be successfully reformulated in the future to target blue light excitation.   
Experiments showed that a properly calibrated low-cost polychromator 
spectrometer sufficed for many NDT research needs.  However, this device did not 
provide the accuracy necessary for mathematical predictions when used in relative 
irradiance mode.  This work has shown that mandating a central exciter emission 
wavelength of 365 nm, which is the present stance of many NDT standard writing bodies, 
is unnecessary.  This stance also doesn’t reflect the reality of previously accepted 
exciters.  The Labino MPXL lamp, which has been successfully employed for NDT use 
for over a decade, was shown to have a central emission wavelength of 372 nm, yet 
emitted an amount of visible light that was acceptable according to current standards.  
The wavelength mandate is likely a safeguard against two underlying measurement 
limitations plaguing the NDT community: (1) spectral mismatch correction factors are 
not used, and (2) there is a lack of control over the quality of digital radiometers used on 
the shop floor.   
A common misconception within the NDT community is that one can obtain 
accurate measurements of any exciter if one uses a calibrated light meter.  This is not the 
case, and measurement error is often significant.  This study showed that spectral 
mismatch correction factors for integral sensors are quite useful, especially when exciters 
other than mercury vapor sources are employed on the shop floor.  While the limitations 
of low-quality integral sensors can be compensated for when correction factors are 
implemented, radiometer manufacturers often do not share required information with the 
end user to facilitate calculation of the factors.  Such information sharing must take place 
to further improve light measurement in fluorescent NDT. 
Uncorrected (relative) radiometer/luxmeter measurements often provide poor 
accuracy.  This accuracy problem is often a concern when evaluating leaked visible light 
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from a UV-A exciter where measurement error can result in the rejection of an acceptable 
amount of visible light.  An example of this was noted experimentally above where 
uncorrected photometric measurement of leaked visible light from an ultraviolet exciter 
with a budget luxmeter (f1’ value of 5% or greater) was shown to be as much as 1600% 
away from the true value.  Similarly, uncorrected evaluation of an MPXL source with a 
typical budget radiometer was shown to be inaccurate by approximately 41%. 
If the NDT community moves toward the use of spectral mismatch correction 
factors in the future, the timing may also be right to change from photometric to 
radiometric visible light measurement.  This thesis presented an argument against the use 
of photometric sensors for leaked visible light due to the inherently low sensitivity of 
such sensors to violet and red light.  Many NDT light meters accept up to two integral 
sensors.  The combination of a radiometric ultraviolet sensor and a radiometric visible 
light sensor would provide the measurement flexibility of evaluating blue light and UV-A 
excitation.   
Equipment changes are often slow in industry, especially given the expected 
lifetime of a radiometer.  Given its health and safety advantages, a company may wish to 
incorporate blue light excitation in some portion of the shop, for example, at the end of 
the cleaning line.  It would be possible in such instances for a company to own a single 
radiometric visible light meter from which they could determine the necessary 
photometric reading required on each existing shop floor radiometer.  The close 
correlation between sensors included in this study showed that a calibrated radiometric 
visible light sensor could be used to establish a relationship between illuminance (lux) on 
the existing luxmeter and irradiance (W!m-2) on the internal calibration radiometer.  Shop 
floor personnel could then use this illuminance value with existing luxmeters. 
MPI test media were readily excited by 450-nm blue light, and this exciter would 
be a good choice from an excitation efficiency and health and safety standpoint.  If the 10 
W!m-2 minimum blue light irradiance assumption made within this paper were carried 
over from UV-A exciters, no adjustment for magnetic particles appeared to be required.  
Penetrant test media, however, were shown to be consistently less sensitive to blue light 
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excitation wavelengths.  A comparison of filtered penetrant luminance results would 
suggest that two- to three-times more irradiance would be required to produce the same 
penetrant luminance induced by UV-A excitation.  The wavelength location of peak 
fluorescent emission does not change with exciter, only the fluorescent brightness varies 
as different exciters either provide, or failed to adequately provide, fluorescent excitation 
wavelengths needed by the test media.  Blue light exciters should also have integral 
dichroic filtering to reduce longer wavelength emission, thus allowing a shorter 
wavelength amber lens and greater luminance transmission.  
Several exciters were included in this study, and all had inherent advantages and 
disadvantages.  For example, the historical standard mercury vapor lamp warmed up 
quite slowly, but emitted a considerable amount of irradiance over a substantial area.  
LED-based exciters warmed up instantly, and often emitted quite high irradiance, but this 
irradiance was generally concentrated into such a small area that the exciter was best used 
for focused inspection.  MPXL exciters warmed up quickly, and emitted the highest 
irradiance over the largest area, but such units were much bulkier than LED-based 
sources. 
Features that appeared to be useful in LED-based exciters included: irradiance-
stabilizing electronics, a latching on/off button (as opposed to one that required the 
inspector to continually hold the button), the ability to be powered by AC and DC power, 
use of standard battery types, a long useful battery life (at least one hour of continuous 
usage time), light weight, and an indicating mechanism (flashing the output, beeping, 
and/or a red/green indicator light) to alert the operator to a depleted battery.  It is hoped 
that future LED-based models incorporate as many of these features as possible. 
Based upon this work, it would seem that UV-A exciters with a central emission 
wavelength below 372 nm would all likely emit a low enough level of visible light to 
satisfy current specifications.  UV-LED exciters naturally have narrow emission spectra, 
and the Wood’s glass-filtered UV-LED source included in this study emitted the lowest 
amount of visible light versus ultraviolet irradiance of any UV-A source.  Due to the lack 
of red visible light emitted by other Wood’s glass-filtered sources, the inspection area 
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was noticeably darker with the Johnson & Allen Neolectron exciter.  Presumably such a 
decrease in background luminance could lead to an enhanced probability of defect 
detection.  It is recommended that future industrial standards allow the use of UV-LED 
exciters whose central emission wavelength falls between 360 and 372 nm. 
 Given the excellent overall results with an MPXL source, which has a broad 
emission spectrum, it could be beneficial to mix 365-nm and 370-nm UV-LEDs in a 
single exciter.  LED sources inherently have fairly narrow emission spectra, which have 
been shown to be efficient for some test media, but such narrow spectra are not optimal 
for general use across a variety of test media products.  This mix of LEDs acting in 
concert would broaden the emission spectrum.  Increased fluorescence luminance, along 
with decreased background luminance through Wood’s glass filtering, could provide 
better results than the MPXL source in the future. 
 The amber Uvex safety lens always allowed a greater or equal amount of 
fluoresced light emitted by a test media sample to reach the detector, as compared to its 
clear lens counterpart.  This increase in light throughput was due to its cut-on wavelength 
location and high transmittance.  The cut-on wavelength was positioned to block UV-A 
and most visible blue light, but essentially all of the fluoresced light emitted by test media 
was allowed to pass.  In industrial applications this would result in more light from an 
indication reaching the inspector’s eyes and a higher expected probability of detection.  
Use of amber Uvex safety lenses, or equivalent, is highly recommended to maximize 
inspection sensitivity. 
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APPENDICES 
 
APPENDIX A: SAMPLES USED 
Table 1: Product name, manufacturer, batch, approval date, and notation to indicate 
whether it was included in later in-depth studies, for samples evaluated as part of 
this study. 
Product 
Name 
Product 
Manufacturer Approved 
Luminance 
Study? 
Pen 1 Mfr A   
Pen 1 Mfr A 2007  
Pen 1 Mfr A   
Pen 2 Mfr A  Yes 
Mag 1 Mfr B 8/18/04  
Mag 1 Mfr B 2007  
Mag 1 Mfr B 2007 Yes 
Pen 1 Mfr B 8/2/07  
Pen 1 Mfr B 9/10/09  
Pen 1 Mfr B 2000  
Pen 1 Mfr B 2009  
Pen 2 Mfr B 6/1/07  
Pen 2 Mfr B 8/1/07  
Pen 2 Mfr B 2009 Yes 
Pen 3 Mfr B 4/23/07  
Pen 3 Mfr B 8/21/07  
Pen 3 Mfr B 2006  
Pen 3 Mfr B 2009  
Pen 3 Mfr B 1994  
Pen 3 Mfr B 1996  
Pen 4 Mfr B 1993  
Pen 5 Mfr B 8/20/07  
Pen 5 Mfr B 9/26/07  
Pen 5 Mfr B 1996  
Pen 6 Mfr B 8/7/07  
Pen 6 Mfr B 8/20/07  
Pen 6 Mfr B 2009  
Pen 6 Mfr B 1996  
Mag 1 Mfr C 11/12/08  
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Product 
Name 
Product 
Manufacturer Approved 
Luminance 
Study? 
Mag 2 Mfr C 10/23/08  
Pen 1 Mfr C 2/2/09  
Pen 2 Mfr C 2/11/09  
Pen 3 Mfr C 8/27/08  
Pen 3 Mfr C   
Pen 3 Mfr C   
Pen 4 Mfr C 2/1/07  
Pen 5 Mfr C 10/27/08  
Pen 6 Mfr C 12/15/08  
Pen 7 Mfr C 5/14/09  
Pen 8 Mfr C 6/2/09  
Pen 9 Mfr C 10/1/08  
Pen 9 Mfr C 12/1/2007  
Pen 9 Mfr C 5/1/2008  
Pen 10 Mfr C 10/6/09  
Emuls 1 Mfr D   
Mag 1 Mfr D 1996  
Mag 1 Mfr D 1997  
Mag 1 Mfr D 1998  
Mag 1 Mfr D 1999  
Mag 1 Mfr D 2001  
Mag 1 Mfr D 2003  
Mag 1 Mfr D 2005  
Mag 1 Mfr D 2006  
Mag 1 Mfr D 2007  
Mag 1 Mfr D 2008 Yes 
Mag 2 Mfr D 2001  
Mag 2 Mfr D 2002 Yes 
Mag 2 Mfr D 2003  
Mag 2 Mfr D 2004  
Mag 2 Mfr D 2006  
Mag 2 Mfr D 2007  
Pen 1 Mfr D   
Pen 2 Mfr D 2000  
Pen 2 Mfr D 2002  
Pen 2 Mfr D 2003  
Pen 2 Mfr D 2006  
Pen 2 Mfr D 2008  
Pen 3 Mfr D 2000  
Table 1 (cont.): 
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Product 
Name 
Product 
Manufacturer Approved 
Luminance 
Study? 
Pen 3 Mfr D 2001  
Pen 3 Mfr D 2002  
Pen 3 Mfr D 2003  
Pen 3 Mfr D 2004  
Pen 3 Mfr D 2005  
Pen 3 Mfr D 2006  
Pen 3 Mfr D 2007  
Pen 3 Mfr D 2008  
Pen 3 Mfr D 2009  
Pen 3 Mfr D   
Pen 4 Mfr D 1995  
Pen 4 Mfr D 1998  
Pen 4 Mfr D 2000  
Pen 4 Mfr D 2001  
Pen 4 Mfr D 2002  
Pen 4 Mfr D 2003  
Pen 4 Mfr D 2004  
Pen 4 Mfr D 2005  
Pen 4 Mfr D 2006  
Pen 4 Mfr D 2007  
Pen 4 Mfr D 2008  
Pen 4 Mfr D 2009  
Pen 5 Mfr D 1993  
Pen 5 Mfr D 1998  
Pen 5 Mfr D 2000  
Pen 5 Mfr D 2001  
Pen 5 Mfr D 2002  
Pen 5 Mfr D 2003  
Pen 5 Mfr D 2004  
Pen 5 Mfr D 2005  
Pen 5 Mfr D 2006  
Pen 5 Mfr D 2007  
Pen 5 Mfr D 2008  
Pen 5 Mfr D 2009  
Pen 6 Mfr D 2000  
Pen 6 Mfr D 2001  
Pen 6 Mfr D 2002  
Pen 6 Mfr D 2003  
Pen 6 Mfr D 2004  
Table 1 (cont): 
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Product 
Name 
Product 
Manufacturer Approved 
Luminance 
Study? 
Pen 6 Mfr D 2005  
Pen 6 Mfr D 2006  
Pen 6 Mfr D 2007  
Pen 6 Mfr D 2008  
Pen 6 Mfr D 2009  
Pen 7 Mfr D 2000 Yes 
Pen 7 Mfr D 2001  
Pen 7 Mfr D 2002  
Pen 7 Mfr D 2003  
Pen 7 Mfr D 2004  
Pen 7 Mfr D 2005  
Pen 7 Mfr D 2006  
Pen 7 Mfr D 2007  
Pen 7 Mfr D 2008  
Pen 7 Mfr D 2009  
Pen 7 Mfr D   
Pen 8 Mfr D 2000  
Pen 8 Mfr D 2002  
Pen 8 Mfr D 2003  
Pen 8 Mfr D 2004  
Pen 8 Mfr D 2005  
Pen 8 Mfr D 2006  
Pen 8 Mfr D 2008  
Pen 9 Mfr D 2000  
Pen 9 Mfr D 2001  
Pen 9 Mfr D 2002  
Pen 9 Mfr D 2003  
Pen 9 Mfr D 2004  
Pen 9 Mfr D 2005  
Pen 9 Mfr D 2006  
Pen 9 Mfr D 2007  
Pen 9 Mfr D 2008  
Pen 9 Mfr D 2009  
Pen 10 Mfr D 2005  
Pen 11 Mfr D 2001  
Pen 11 Mfr D 2002  
Pen 11 Mfr D 2003  
Pen 11 Mfr D 2004  
Pen 11 Mfr D 2005  
Table 1 (cont): 
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Product 
Name 
Product 
Manufacturer Approved 
Luminance 
Study? 
Pen 11 Mfr D 2006  
Pen 11 Mfr D 2007  
Pen 11 Mfr D 2008  
Pen 11 Mfr D 2009  
Pen 12 Mfr D 1995  
Pen 12 Mfr D 2000  
Pen 12 Mfr D 2001  
Pen 12 Mfr D 2002  
Pen 12 Mfr D 2003  
Pen 12 Mfr D 2004  
Pen 12 Mfr D 2005  
Pen 12 Mfr D 2006  
Pen 12 Mfr D 2007  
Pen 12 Mfr D 2008  
Pen 12 Mfr D 2009  
Pen 13 Mfr D 1996  
Pen 13 Mfr D 1997  
Pen 13 Mfr D 1998  
Pen 13 Mfr D 2000  
Pen 13 Mfr D 2001  
Pen 13 Mfr D 2002  
Pen 13 Mfr D 2003  
Pen 13 Mfr D 2004  
Pen 13 Mfr D 2005  
Pen 13 Mfr D 2006  
Pen 13 Mfr D 2007  
Pen 13 Mfr D 2008  
Pen 13 Mfr D 2009  
Pen 14 Mfr D 2001  
Pen 14 Mfr D 2004  
Pen 15 Mfr D 2000  
Pen 15 Mfr D 2001  
Pen 15 Mfr D 2002  
Pen 15 Mfr D 2003  
Pen 15 Mfr D 2008  
Pen 16 Mfr D 1998  
Pen 16 Mfr D 2001  
Pen 16 Mfr D 2002  
Pen 16 Mfr D 2003  
Table 1 (cont): 
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Product 
Name 
Product 
Manufacturer Approved 
Luminance 
Study? 
Pen 16 Mfr D 2004  
Pen 16 Mfr D 2005  
Pen 16 Mfr D 2006  
Pen 16 Mfr D 2007  
Pen 16 Mfr D 2008  
Pen 16 Mfr D 2009  
   
 
 
Table 1 (cont): 
